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1. Preface 
 
1.1 Background 
 
1.1.1 Prospect of Mobile Communication Technology 
Owing to the rapid development of mobile Internet technologies in recent 20 
years, innovation of mobile communication industry are leading human 
society to enter the era of big data. With an increasing demand of 
information exchange, ultra-high-speed and large-capacity mobile 
communications will be realized as a result of the development of LTE-
Advanced, Beyond 4G, and 5G in future, using such as MIMO (multiple-
input multiple-output) technique [1]. 
Fig. 1.1 shows a development history of mobile communication technology. 
The evolution process of mobile phone can be characterized form the user 
perspective. As a continuation of a trend spearheaded by the mobile phone, 
wireless device will become smaller and more convenient for personalized 
operation. Alongside the trend, wireless intelligent devices can 
autonomously respond to diverse environments in which they operate. This 
indicates that future human society will be constantly more interconnected 
through the power of wireless network, as the concept of Internet of Things 
(IoT) [2]. 
Fig. 1.2 shows global units shipments of electrical device from 2010s to 
2020s [3]. It can be predicted that wearable applications will lead the next 
generation of mobile communication technology instead of smartphone in 
future 20 years. This is because wearable device is more convenient to realize 
abundance applications through wireless interconnections, such as 
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healthcare, smart home, personal entertainment and identification systems. 
Especially in medical-healthcare system, wearable applications has a wide 
prospect in future human society. 
On the basis of recent data published by WHO (World Health 
Organization) [4], health expenditure is rapidly increased in many countries 
due to a large healthcare cost caused by upcoming aging society. Especially 
in the countries with large population, owing to the extension of life 
expectancy, health expenditure has already accounted for a significant 
portion of GDP (Gross Domestic Product). UNFPA (United Nations 
Population Fund) statistics indicate that the population over the age of 60 
years will reach 2.03 billion in 2050, accounting for 22% of the world’s total 
population [5]. In Japan, the document published by MHLW (Ministry of 
Health, Labour and Welfare) declares that national health expenditure will 
reach 50 trillion yen in 2025 [6]. Main reason of this fact is that the 
population over 65 years old in Japan has more than 33 million, while 23% 
of them are one-person household. These surveys indicate that medical-
healthcare management of elderly population and prevention of life-
threatening diseases are common subjects for most countries in the world. 
The general requirement of intelligent medical service published by 
Economics Think Tanks shows that users mostly expect an overall 
management of health, medical information and recommendation. With the 
health problem getting more and more attention in future, the demand of 
health management from aged people, patients, and even healthy people in 
daily life will increase. This social requirement also indicates that the 
medical-healthcare monitoring system that realizes the personalized life 
management of human society, is anticipated to be established through the 
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mobile communication technology. 
Fig. 1.3 a typical application mode of medical-healthcare system using 
Body Area Network (BAN) technology. The concept of BAN was firstly 
proposed by Zimmermann in 1995 [7]. IEEE 802.15.6 standard Task Group 
6 (TG6) has provided the definition of BAN: A wireless communication 
network comprised of wearable and implantable sensor devices that operates 
in the area of human vicinity based on RF (radio frequency) technology [8]. 
In Fig. 1.3, the biotelemetry information of human such as EEG 
(Electroencephalogram) and ECG (Electrocardiogram) can be detected using 
body-attached vital sensor nodes or implantable medical devices. These 
medical information will be collected and delivered from access point to 
external terminals such as hospital or medical service center, using the 
cellular system. This mode reduces the work of medical staff, and improves 
the efficiency of healthcare management for the patients or aged people at 
home through the air. 
Since the implantable medical application are related to some issues on 
security or moral principle in many countries, it still remains at a research 
level due to some legal limitations. On the contrary, wearable devices are 
always the most popular topic owing to various available applications based 
on the mature communication technologies of mobile terminals, such as 
handset and tablet. 
So far, preliminary research of medical-healthcare system have been 
conducted in various fields, including medicine, biology, engineering, 
pharmacy, and even law. Such research data indicate that the medical-
healthcare service system using mobile communication technology can 
reduce considerable medical expenses and labor costs. It also has a great 
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potential to improve social medical insurance institution. The advanced core 
techniques in this system will lead an innovation of industrialization and 
commercialization of wearable medical applications that can support the 
development of industry standards and increase employment opportunities, 
simultaneously, and finally construct a social network comprised of 
numerous healthcare infrastructures. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1.1 History of mobile communication technology development 
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Fig. 1.2 Global unit shipments of electrical device from 2010s to 2020s 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1.3 Application mode of medical-healthcare system  
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1.1.2 Challenges in Wearable Antenna Assessment 
In order to realize the mobile-healthcare wireless system, there are a lot of 
technical challenges in wearable BAN need to be solved. Especially in 
physical layer, how to design the appropriate antenna to fulfill the different 
wearable applications in various use scenarios is a significant subject. 
Table 1.1 shows the communication system of wearable BAN radios. In 
general, wearable antenna in BAN applications is simply classified in three 
ways according to different antenna placement [9]: on-body; off-body; in-body. 
In on-body system, since both wearable devices are mounted on the same 
human body, efficient antenna design requires a good understanding of the 
properties of the propagation channel with human tissues and dynamic 
behavior involved. In off-body system, since the channel is off of the body and 
in the surrounding space, the antennas design should consider the 
shadowing effects of human body and multipath radio propagation 
environment. In in-body channel, major application area for this kind of 
communication is medical diagnostics and patient monitoring, where 
implantable medical devices, implanted transceivers are used for 
communicating with the outside world, are put inside the human body.  
Due to a limited duration of PhD program, this thesis focus on the 
wearable antenna evaluation in on-body and off-body communication 
systems. 
As shown in Table 1.1, in wearable BAN radios, at least one of the antenna 
is mounted on human body in either on-body or off-body situation. Thus, 
antenna engineers need to take human effects into consideration in channel 
modeling. In previous studies, P. S. Hall and Y. Hao have presented the on-
body channel characterization for narrowband signal at 2.45 GHz [10], and 
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path loss of each channel are given. Path gain for various paths and postures 
is also discussed in [11]. S. L. Cotton and W. G. Scanlon characterized and 
presented channel statistics for on-body in an indoor environment [12] [13]. 
All these studies highlight the evolving interest in on-body channel modeling 
to provide a guideline for wearable antenna design with high efficient 
performance. However, these investigations have been conducted in an 
anechoic chamber basis or field testing by propagation experiment, which 
ignored the important issue of multipath propagation environment in 
human vicinity. Moreover, less attention has been paid to the dynamic 
behaviors of human motion, which results in variation of on-body wireless 
link. For example, when the wearable antenna is located at a fluctuating 
place such as wrist, the arm-swinging motion will result in a polarization 
mismatch between two on-body antennas. On the contrary, when the 
antenna is attached at relative static place such as human torso, the arm-
swinging motion will still cause the shadowing effects. All these conditions 
indicate that wearable antenna evaluation needs to consider the mutual 
interactions of the human property and the multipath effects in BAN use 
scenarios. 
Fig. 1.4 (a) shows a propagation channel model of wearable antenna. It 
can be seen that the wearable antenna should be evaluated under a practical 
channel model in consideration of both the human dynamic motion and 
multipath propagation channel from surrounding objects. However, 
conducting the field tests in such as hospital room using actual test person 
has some drawbacks in terms of poor controllability and low accuracy, which 
will eventually degrades the development efficiency of wireless devices. Thus, 
in order to realize the equivalent level of radio wave propagation properties 
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in BAN use scenarios, a reproducible evaluation system of antenna 
performance with high measurement accuracy instead of site specific field 
testing is strongly required. This evaluation device should include all the key 
factors of antenna, propagation, human body, and system, as shown in Fig. 
1.4 (b). 
 
Table 1.1 Physical layer: Antenna requirement in different BAN systems 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(a) Multipath propagation channel model      (b) Key factors in BAN 
Fig. 1.4 Core subjects in wearable antenna evaluation 
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fading
 9 
 
1.1.3 What is Over-The-Air Testing 
Over-The-Air Testing is a widely used method for the performance 
assessment of handset antenna [14]. Especially in multi-antenna terminals 
evaluation, such as MIMO, adaptive and diversity, OTA test was a very hot 
and popular topic since 2001s to 2010s. It has been standardized in both 
CTIA (International Association for the Wireless Telecommunication 
Industry) and 3rd Generation Partnership Project (3GPP) [15] [16]. The 
feature of OTA tests is that it is able to generate a fading propagation 
environment by varying time and spatial radio signals for evaluating 
complicated antenna performance in space, such as signal power, channel 
capacity, throughput or signal bit-error rate (BER) characteristics. 
In general, OTA test methods have been classified into three categories: 
spatial fading emulator; reverberation chamber and two-stage method, as 
shown in Fig. 1. 5. 
 
 Spatial fading emulator 
Fig. 1. 5 (a) shows the configuration of spatial fading emulator, which is 
developed by K. Ogawa and J. Takada in Panasonic and Tokyo Institute 
of Technology [17]. It is comprised of multiple antenna elements 
emulating the spatially distributed scatterers to generate the fading in a 
reproducible manner. The feature of spatial fading emulator with multi-
probe configuration is in controlling the angular spread of incident waves 
and the XPR (cross-polarization power ratio), and in generating cluster 
and uniform spectra environments with considering the Doppler 
frequency. 
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 Reverberation chamber 
Fig. 1.5 (b) indicates the method of reverberation chamber invented by P. 
S. Kildal in Chalmers University of Technology [18]. In reverberation 
chamber, the DUT (device under test) antenna is located at the center of 
a metal box, where the emitted radio waves are completely reflected by 
the wall of metal box in random ways. The combination of different radio 
waves can create the desired radio wave probability distribution close to 
Rayleigh fading. The reverberation chamber examines a simple structure 
for an OTA apparatus at low cost but the poor controllability and 
repeatability because all of the reflected waves coming from one signal 
source are uncontrolled. 
 
 Two stage method 
Fig. 1.5 (c) shows the two stage method [19]. In the first stage, the 
complex antenna radiation pattern of the DUT is measured in a 
traditional anechoic chamber. In the second stage, the measured 
radiation pattern will be convolved by a channel simulator with desired 
channel model to calculate the quasi-transmission properties such as 
channel capacity and throughput. The two-stage method can perform the 
required spatial channels with relatively low cost but more work on the 
concept verification is required for the practical setups. 
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(a) Spatial fading emulator 
 
 
 
 
 
 
 
(b) Reverberation chamber 
 
 
 
 
 
 
 
(c) Two stage method 
Fig. 1.5 Typical approaches for over-the-air testing 
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In order to clarify the wearable antenna performance considering the 
influence of human-multipath mutual interactions, the control of incident 
wave with desired properties considering dynamic human motion is 
essential. Therefore, in this thesis, the method of spatial fading emulator is 
used as the OTA evaluation approach. 
In terms of the spatial fading emulator, academic research in global 
leading institute are mainly contributed from Aalborg University (AAU) in 
Denmark, and Panasonic-Tokyo Institute of Technology in Japan. In AAU, 
Wei Fan with his supervisors G. F. Pedersen and J. Ø. Nielsen, have 
published many journals related to the measurement methodology using 
multi-probe fading emulator [20-24]. Their interests focus on the techniques 
to emulate 2D and 3D spatial channel models for MIMO-OTA testing, such 
as the realization of SCME (spatial channel model extended) models by 
setting probe weights. Also, the validity investigation of emulator such as 
test zone size, required number of probes and radiation pattern influence 
have been conducted. However, it seems that the evaluation of wearable 
applications are not included in their work.  
In Japan, OTA test has been a hot topic for evaluation of multi-antenna 
handset terminals in fading environment since 2001s. In the early 
development, many approaches have been proposed for multipath fading 
generation. T. Ohira, and K. Gyoda proposed an ESPAR (electronically 
steerable passive array radiator) antenna as a spatial fading emulator [25]. 
This method was intended for simulating the multipath signal observed at 
the base station where the angular spread is relatively small [26], however, 
a strong coupling may occur due to the small physical size. C. Park has 
proposed CECA (cavity-excited circular array) using passive elements 
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excited by radial cavity with center feeding, which overcome the proximity 
coupling in ESPAR antenna [27].  
On the basis of these previous studies, it is concluded that it is better to 
feed the multiple antennas using the power divider together with the phase 
stretcher in the way of Jakes fading simulator. Since 2004s, Panasonic and 
Tokyo Institute of Technology has presented many papers related to a 
developed spatial fading emulator, with regards to the aspects of mobile 
terminal criterion such as diversity gain, BER performance and MIMO 
channel capacity [28-30]. Some related contributions were input to 3GPP and 
COST (European Cooperation in Science and Technology) for international 
standardization of this technology [31-37]. 
The above-mentioned work provided the research basis of OTA testing 
using spatial fading emulator. However, these studies have not involved the 
OTA assessment for wearable antenna in BAN system. Owing to different 
communication systems mentioned in Sect. 1.1.2, OTA testing methodology 
for wearable BAN radios should consider not only the emulation of the 
channel model in cellular system, but how to involve the mutual interactions 
of human and multipath influence. This is the core subject of this PhD thesis. 
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1.2 Aim of Work  
The final goal of the study is to provide several OTA design methodologies 
for the performance evaluation of wearable antennas, taking the influence 
of human-multipath mutual interactions into account. The project is 
committed to construct a novel BAN-OTA evaluation system that is capable 
to realize both human dynamic behavior and multipath fading propagation 
environment. 
Fig. 1.6 shows the OTA evaluation subjects for wearable BAN related to 
the configuration of this thesis. In addition to the trinity theory of mobile 
communication (antenna, propagation, system), this thesis involves the 
human body as another key impact factor, as shown in Fig. 1.4 (b). The main 
targets of the PhD project are listed and explained as follows. 
 
 Application of weighted-polarization antenna for on-body channel 
(Chapter 2) 
In terms of the antenna, a weighted-polarization antenna has been 
developed, which is committed to improve the wireless communication 
quality in both off-body and on-body BAN use situations. My works aims 
at realizing the on-body wireless enhancement between two wearable 
terminals. The method focus on how to obtain the maximum received 
signal power considering the human dynamic motions that result in the 
variation of antenna rotation angle and polarization behavior. 
 
 Development of fading emulator (Chapter 3) 
To evaluate the wearable antenna in general use scenarios with human 
and multipath effects involved, the first objective is to develop an actual 
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device of spatial fading emulator, which is fundamental for all of the 
work in this PhD project. It is necessary to start from the basic model 
using radio wave synthesis principle, and the generation mechanism of 
multipath Rayleigh fading needs to be formulated. This will be applied 
to the actual device design and hardware implementation. After the OTA 
apparatus is manufactured, validity confirmation of Rayleigh fading is 
also needed. 
 
 Rice on-body channel realization (Chapter 4) 
The Rice distribution is a specific nature to describe the BAN on-body 
propagation channel. To evaluate the wearable antenna in on-body 
communication system, the Rice factor defined as the power ratio of 
direct and reflected wave components must be implemented in a fading 
emulator using a calibration method in order to replicate an actual on-
body channel in indoor propagation environment. 
 
 3D-OTA for 2D-arranged MIMO array (Chapter 5) 
Owing to an absence of uncorrelated incident waves in the elevation 
angles, two-dimensional cannot be applied to evaluate vertically-aligned 
multi-element antenna because of a unity correlation characteristic. 
Thus, a three-dimensional OTA test method that include the 3D incident 
wave properties needs to be developed for the assessment of vertically-
arranged MIMO antenna. 
 
 OTA method for BAN signal bit-error-rate (Chapter 6) 
In medical application, the signal bit error rate (BER) is generally 
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treated as a key index for evaluating an antenna’s performance to ensure 
the high reliability and accuracy of medical data communication. Thus, 
an OTA measurement method for BER using commercial wireless 
module considering human shadowing and multipath fading effects are 
anticipated. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1.6 OTA evaluation subjects for wearable BAN considering the 
harmonization of antenna, propagation, human body, and system 
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1.3 Related Funding 
This thesis presents the OTA methodology for wearable antenna considering 
human and multipath combined influence. The research funding related to 
this PhD thesis is shown as below. 
 
 JSPS KAHENHI (C) 
Research Title:  
A Study on the Development of a Fading Emulator for BAN Antenna 
Assessment  
Project Fiscal Year: 2013-04-01 – 2016-03-31 
Project / Area Number: 25420363 
Principal Investigator: Koichi Ogawa 
Collaborator: Kazuhiro Honda, Kun Li  
Relation with this thesis: This project provided a measurement 
instrument for wearable antenna assessment using the combined 
devices of human dynamic phantom and spatial fading emulator, as will 
be illustrated in Chapter 3. On the basis of the developed OTA apparatus, 
the experimental methodology of BAN on-body antenna considering the 
implementation of Rice factor, is illustrated in Chapter 4. Also, the 
developed fading emulator is utilized for signal BER measurement of 
BAN antennas in Chapter 6. 
 
 SCOPE2013 PHASE I 
Research Title:  
Wrist-Mounted MIMO Array Antenna and OTA Assessment for Gigabit 
Channel Capacity by Adaptive Signal Processing Considering Human 
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and Propagation Effects  
Project Fiscal Year: 2013 – 2014 
Grant Number: 135005102 
Principal Investigator: Koichi Ogawa 
Collaborator: Kazuhiro Honda 
Relation with this thesis: The project supported the development of a 
multi-element weighted-polarization wearable antenna and the three-
dimensional analytical channel model for this two-dimensionally 
arranged MIMO antenna array. The antenna design was included in 
Chapter 2 while the development of 3D fading emulator based on the 
analytical channel model will be mentioned in Chapter 5.  
 
 SCOPE2014-2015 PHASE II 
Research Title:  
Wearable Antenna and OTA Assessment Considering Human Motion 
and Propagation Effects for MICT Network Establishment with 
Cooperation of Human and Social Infrastructure 
Grant Number: 145005101 
Principal Investigator: Koichi Ogawa 
Collaborator: Kazuhiro Honda, Yoshio Koyanagi, Hiroshi Sato, Ritsu 
Miura 
Project Fiscal Year: 2014 – 2015 
Budget Amount: 35,760,000 JPY 
Relation with this thesis: The project supported the development of the 
actual 3D fading emulator for the assessment of wearable MIMO 
antenna. Although, the content is not included in this thesis, it will be 
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mentioned in Chapter 5 as a future work. In addition, an OTA 
measurement methodology for BER performance of wearable antenna 
considering combine shadowing-fading effects is conducted in this 
project, where a commercial FSK wireless module and a signal generator 
have been applied, as will be illustrated in Chapter 6. 
 
The above-mentioned funding supported the most part of the researches 
conducted in this PhD program in Toyama University, and they also 
composed the configuration and contents of this thesis. 
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1.4 Layout of the Thesis  
Fig. 1.7 shows the flowchart of this PhD thesis. It is composed of seven 
chapters. An overview of each chapter is given below.  
Chapter 1 provides a brief preface of the entire thesis. The research 
background, aim of work, state of the art and layout of this thesis are 
illustrated, respectively. 
Chapter 2 presents a weighted-polarization antenna applied to BAN on-
body communication systems. The proposed antenna obtains an optimum 
signal level using a weight function considering the BP-XPR (Body Proximity 
Cross-Polarization Power Ratio) and antenna tilt angle. More than a 3-dB 
improvement of received signal power can be obtained by using the proposed 
method compared with the other types of antennas, regardless of the arm-
swing motion and antenna placement, which verifies the effectiveness to 
enhance BAN on-body radio links. Moreover, an estimation method of BP-
XPR using the three-dimensional radiation pattern of test antennas is 
proposed. 
Chapter 3 shows a development process of spatial fading emulator. At first, 
the radio wave synthesis principle based on a simple analytical model is 
analyzed, which is utilized to clarify the generation mechanism of multipath 
Rayleigh fading. The actual device is developed by implementing these 
formulations. The design details of the fading emulator in both channel 
model and hardware manufacture have been conducted while the Rayleigh 
fading generation in the actual OTA device is confirmed. 
Chapter 4 presents a preliminary experiment for realizing a Rice on-body 
channel in BAN-OTA testing using a fading emulator with a dynamic 
phantom. Using a calibration method, the appropriate Rice-factor that 
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represents the actual propagation environment indoors, is implemented into 
a fading emulator. This work indicates that the developed fading emulator 
allows BAN-OTA testing to replicate the actual on-body propagation channel 
with the consideration of dynamic characteristics of human walking motion. 
Chapter 5 presents a three-dimensional analytical channel model for 
vertically arranged MIMO array antennas. Particular emphasis is placed on 
how well handset MIMO antennas with a vertically arranged structure are 
characterized using the limited number of scatterers implemented in a 
fading emulator. Based on an analytical channel model, a suitable scatterers 
arrangement is determined for various conditions of multipath 
environments and numbers of array elements, and the arrangement can be 
employed for designing an actual three-dimensional OTA apparatus. 
Chapter 6 presents an OTA experimental methodology to evaluate the 
BER characteristics of wearable antennas. A commercial FSK (frequency 
shift keying) wireless module is applied in the experiment. A dual-discrete 
control method to detect an instantaneous BER using a fading emulator with 
a dynamic human phantom is proposed. This proposal can replicate a 
realistic arm-shadowed fading channel with both instantaneous and average 
BER characteristics considering the dynamic BAN channel and multipath 
effects. 
Chapter 7 summarizes some important conclusions derived from this 
thesis while Chapter 8 gives some possible future extension of the study. 
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Fig. 1.7 Layout of this thesis 
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2. Weighted-Polarization Antenna 
and BP-XPR 
 
2.1 Introduction 
To realize the high reliability communication in dynamic BAN on-body 
channels, the enhancement of wireless connectivity between the wearable 
devices is an essential subject [38] [39]. 
Weighted-polarization wearable MIMO antenna [40] was proposed for 
upcoming 5G cellular systems. The concept of this antenna (see Fig. 1 in [40]) 
is aimed at realizing the high channel capacity in various conditions based 
on RF signal processing, where the cross polarization power ratio (XPR) and 
antenna inclination angle are considered as key parameters of obtaining the 
optimum weight functions. Using this method, high channel capacity can be 
obtained in both uplink and downlink channels between the base station and 
mobile terminal, without using the feedback from the received signal. 
On the basis of this concept, in this work, I extend the application from 
off-body to on-body system. As shown in Fig. 2.1, the on-body channel 
indicates that the incident wave coming from sensor to access point, is totally 
different from the propagation mechanism compared with that in off-body 
cellular system. The most different point is that the polarization behavior is 
a time-variant value caused by the dynamic human motion and different 
wearable antenna placements, which may result in a severe variation of 
transmitting and receiving signal level [41] [42]. 
This study presents a weighted-polarization antenna applied to BAN on-
body systems. A novel concept of the BP-XPR (Body Proximity Cross-
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Polarization Power Ratio) [43] is proposed, which is quantified based on 
antenna locations and arm-swing angles. Using the BP-XPR, the weighted-
polarization antenna achieves a high and stable signal power regardless of 
arm-swing motion and antenna placement, indicating that the proposed 
antenna is suitable for realizing a high reliable communication in future 
wearable BAN radio systems. Furthermore, an simple estimation method of 
BP-XPR using the three-dimensional radiation pattern of test antennas is 
proposed. 
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(a) Off-body channel 
 
 
 
 
 
 
 
 
 
 
(a) On-body channel 
Fig. 2.1 Difference between the usages of weighted-polarization antenna  
in off-body and on-body channels 
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2.2 Weighted-Polarization Antenna in Dynamic On-
Body Channel 
Fig. 2.2 (a) shows the channel model of a dynamic phantom [38] from the 
view of zx-plane. a denotes the arm-swing angle, which represents the 
antenna rotation angle simultaneously while b indicates the angle between 
z-axis and incident wave direction. The sensor modules are mounted on head 
and ankle while the access point is fixed at wrist. The received signal at wrist 
is decomposed into vertical and horizontal polarization components allocated 
in z-axis and x-axis respectively, as indicated by V-pol and H-pol. With 
different sensor antenna locations and arm-swing angles, the received power 
is changed whether the dipole Az or Ax is used. Thus, the polarization 
controlled antenna for on-body link enhancement is desired. 
Fig. 2.2 (b) indicates the configuration of a weighted-polarization antenna 
[40], which is comprised of three orthogonal dipole elements (Ax, Ay, Az). 
When the antenna is rotated by an operator, two of the three dipole elements 
are selected using two switches (SW1, SW2). The received signals (sV, sH) are 
combined using the weight functions (WV, WH) created based on the 
variations in XPR and antenna inclination angle (a). The output signal is 
expressed as: 
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The derivation of weight function is illustrated in [40] in details. Since the 
antenna is utilized for on-body links, the value of XPR in Eqs. (2.2) and (2.3) 
is defined as BP-XPR (Body Proximity Cross-Polarization Power Ratio) [43] 
for describing the cross-polarization properties in on-body channel. 
The general concept of XPR in a cellular system is proposed by T. Taga in 
1990s [44]. It is defined as the power ratio between the mean incident powers 
of the vertically and horizontally polarized incident radio waves received 
while the antenna moves in the environment, averaged over a random route 
in a multipath environment. However, in the BAN on-body situation, two 
main reasons make it impossible to apply the common definition of XPR in 
cellular system, as shown below. 
 
 Dynamic propagation channel caused by time-varied human motion 
 RF performance degradation of both wearable Tx and Rx antenna 
 
The above-mentioned features indicate that the XPR for on-body 
propagation is not a concept of average value in a certain sampling process, 
but a time-varied physical quantity determined by the instantaneous 
behavior human dynamic motion. This is the most specific aspect of on-body 
communication distinguished with the general cellular system. Therefore, 
the novel concept of BP-XPR, which aimed at describing the polarization 
nature of body proximity radio wave propagation, is applied to weighted-
polarization on-body antenna, as will be illustrated in Sect. 2.3. 
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Fig. 2.2 Human on-body channel (a) Arm-swing dynamic phantom, 
(b) Weighted-polarization antenna 
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2.3 Anaytical Model 
Figs. 2.3 shows the analytical model generated by the commercial EM solver 
FEKO [45]. The phantom has a height of 170 cm, where the homogeneous 
phantom is made of the dielectric properties of average muscle tissue, i.e., 
relative dielectric constant r = 55.8 and conductivity  = 0.99 S/m at 950 
MHz [38]. 
In the transmitting side, a turn-style antenna is used as a sensor, which 
is comprised of two orthogonally-aligned half-wavelength dipoles with 90° 
out-of-phase excitation. Owing to its nearly omnidirectional radiation 
pattern with -polarization in the zx-plane shown in Figs. 2.3 (a-1) and 2.3 
(b-1), the effects of the cross-polarization properties on the radiation patterns 
are eliminated. 
Moreover, in the receiving side in Fig. 2.3 (a-2), vertical and horizontal 
dipoles along with z-axis and x-axis, are used at wrist for measuring the 
distributed polarization components V-pol and H-pol, as shown in Fig. 2.2 (a). 
Using the measured data, the BP-XPR of an incident wave is expressed as 
follows. 
 
(2.4) 
 
where PV and PH indicate the received power in the link budget calculation 
using the vertical and horizontal dipole antennas, respectively. 
Further, the weighted-polarization antenna shown in Fig. 2.2 (b), is 
applied considering the variation of BP-XPR and a caused by human motion. 
Here, the elements of Az and Ax are selected, as shown in Fig. 2.3 (b-2), which 
are controlled using weight functions defined by Eqs. (2.2) and (2.3). 
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The left arm moved in the forward direction is varied from 0° to 90° while 
the backward situation is not investigated because the phantom has a 
symmetrical configuration. The separation between the antenna feed point 
and body surface is 3 cm. The simulation frequency is 950 MHz. 
 
 
 
 
 
 
 
 
(a-1) Turn-style antenna           (a-2) Vertical and Horizontal dipoles 
(a)  Analysis of BP-XPR 
 
 
 
 
 
 
 
 
(b-1) Turn-style antenna           (b-2) Weighted-polarization antenna 
 (b) Analysis of received signal power 
Fig. 2.3 Analytical model using arm-swing phantom 
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2.4 Simulation Results 
Fig. 2.4 shows the BP-XPR as a function of the arm-swing angle from 0° to 
90° in head and ankle to wrist on-body channels, corresponding to Fig. 2.2 
(a). In Fig. 2.4, BP-XPR varies obviously over 15 dB in each case occurs. 
When the antenna location is moved, a large difference of two curves is 
observed, indicating that the BP-XPR for on-body channel needs to be 
measured using Eq. (2.4) on a case-by-case basis, which is significantly 
different from the XPR in weight functions used for a MIMO antenna fixed 
at a certain on-body location when a specific use scenario is considered [40]. 
Fig. 2.5 shows the weight function (WV, WH) calculated by Eqs. (2.2) and 
(2.3) using the BP-XPR and a. Note that the weight functions of vertical and 
horizontal polarization components exchange at the position of a = 45°. 
Based on these values, a simulation using the weighted-polarization 
antenna for on-body link enhancement is conducted. 
Fig. 2.6 shows the results of radiation characteristics in zx-plane. The left 
arm is changed as a= 0°, 40° and 90°, as shown in Figs. 2.6 (a-1) to (c-1). 
Figs. 2.6 (a-2) to (c-2) indicate the radiation patterns when the weighted-
polarization antenna is used while Figs. 2.6 (a-3) to (c-3) indicate the results 
of the vertical dipole (Az). The black markers ● indicate the radiation gain in 
the direction of incident waves (denoted by pink arrows), which determine 
the received power. In Figs. 2.6 (a-2) to (c-2), the weighted-polarization 
antenna achieves the strong gains of 0.6 dBd, 4.1 dBd and 4.9 dBd, 
respectively. However, using the vertical dipole (Az), the incident wave 
approaches the null position, leading to the significant reduction in radiation 
gains of 15.4 dBd, 16.9 dBd and 10.4 dBd, as shown in Figs. 2.6 (a-3) to 
(c-3).  
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Fig. 2.4 BP-XPR vs. Arm-swing angle 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2.5 Weight function vs. Arm-swing angle 
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(a-1) 
 
 
 
 
 
 
 
(a-2) 
 
 
 
 
 
 
 
(a-3) 
 
 
 
(a) a = 0 deg 
Fig. 2.6 Simulated results of radiation characteristic 
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(b-1) 
 
 
 
 
 
 
 
(b-2) 
 
 
 
 
 
 
 
(b-3) 
 
 
 
(b) a = 40 deg 
Fig. 2.6 Simulated results of radiation characteristic 
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(c-1) 
 
 
 
 
 
 
 
(c-2) 
 
 
 
 
 
 
 
(c-3) 
 
 
 
(c) a = 90 deg 
Fig. 2.6 Simulated results of radiation characteristic 
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Fig. 2.7 indicate the received power normalized to that of an isotropic 
antenna, as a function of avaried from 0 to 90°. The free space propagation 
loss is included in the calculation. The curves with symbols ●, ■, ▲ and ▼ 
denote the results of four cases: the weighted-polarization antenna; the 
vertical dipole antenna (Az); the horizontal dipole antenna (Ax), and the 
equal weight combined antenna (               ), respectively.  
In Fig. 2.7 (a), when the sensor antenna is located at head, the vertical 
dipole Az gives a poor performance due to the absence of radiation gain in 
the direction of incident waves, as shown in Fig. 2.6. Fig. 2.7 (a) also shows 
that the horizontal dipole Ax provides a high received power owing to the 
benefit of radiation gain. In contrast to Fig. 2.7 (a), Fig. 2.7 (b) shows that 
there is a tradeoff behavior in the received power between the vertical and 
horizontal dipoles; the vertical dipole exhibits a low received signal power 
when ais less than 30° and a high received signal power when ais larger 
than 30°, and vice versa for the horizontal dipole. However, in Fig. 2.7, the 
weighted-polarization antenna can achieve a high and stable received power 
without regard to the antenna placement when the a is changed. 
Further, Fig. 2.7 show that the received power of the equal weight 
combined antenna degrades at 0° and 90° compared with that of the 
proposed antenna because only vertical and horizontal polarization 
components with equal amplitude is utilized, resulting in a 3 dB 
enhancement when the proposed antenna is used. Moreover, the received 
power of the proposed antenna and equal weight antenna agrees with each 
other when a equals approximately 45°. The reason is that, as shown in Fig. 
2.5, the same value of weight function (WV = WH = 3 dB) is produced at a = 
45° for both cases even when the BP-XPR in Fig. 2.4 is varied significantly. 
2/1 HV WW
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Fig. 2.7 Received power vs. arm-swing angle 
(a) Head-wrist (b) Ankle-wrist 
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It is concluded from the abovementioned considerations that the proposed 
antenna achieves a high and stable received power compared with the other 
types of antenna, confirming the effectiveness of proposed weighted-
polarization antenna, which is anticipated to be applied to future wearable 
BAN systems. 
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2.5 Estimation of BP-XPR 
As mentioned in Sect. 2.4, since the proposed value of BP-XPR for on-body 
channel needs to be measured using Eq. (2.4) case-by-case, an estimation 
method for describing the polarization properties around the complicated 
human body is anticipated. As shown in Eq. (2.4), the received power (PV and 
PH) using the vertical and horizontal dipole antennas include the radiation 
gain of test antenna affected by human body effects. Thus, a simple method 
for estimating the value of BP-XPR is proposed as following equation 
 
(2.5) 
 
where GV(,f) and GH(,f) indicate the three-dimensional radiation gain of 
vertical and horizontal dipoles, respectively, according to the incident wave 
direction from various locations of sensor antennas. To verify the validity of 
Eq. (2.5), an EM simulation using the actual human body is carried out. 
Fig. 2.8 (a) shows the analytical model of the human phantom, which is 
derived from an animation software, POSER [46]. The phantom is a male 
with a height of 170 cm, which is homogeneous made of the dielectric 
properties of average muscle tissue, i.e., relative dielectric constantr = 54.2 
and  = 1.51 S/m at 2 GHz [47]. The sensor antenna is located at left head 
and left foot while the access point is mounted on left wrist.  
The BP-XPR is applied to the weighted-polarization antenna [40]. The 
weighted-polarization antenna uses the antenna elements when the 
polarization of received signal is varied caused by antenna inclination. In 
Fig. 2.8 (a), since the antenna parallel to y-axis always receive the Ef 
polarization component, this element is not selected.  
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(a) Polarization distribution 
 
 
 
 
 
 
 
 
 
 
 
 
(b) Walking frames 
Fig. 2.8 Human walking model 
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(c) Turn-style antenna at head 
 
 
 
 
 
 
 
 
 
 
 
 
(d) Dipoles for measuring BP-XPR 
Fig. 2.8 Human walking model 
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Fig. 2.8 (b) shows the a series of walking postures of the human model 
separated from frame 1 to 8. Each frame indicates the instantaneous arm-
swing angle from 20° to 50° at 10° intervals, which represents a normal 
arm-swing angular range in a walking situation [48], where the arm-
swinging angle is defined as the angle of a line that connects the wrist and 
the elbow with respect to the vertical direction. 
In Fig. 2.8 (c), a turn-style antenna comprised of two orthogonally-aligned 
half-wavelength dipole antennas at 2 GHz with 90° out-of-phase excitation 
is used as a sensor module. This is because it has nearly omnidirectional 
radiation pattern with -polarization in the antenna operating plane, which 
can eliminate the effects on the cross-polarization properties caused by the 
radiation patterns, leading to the identical transmitting ability against to 
any angles of incident waves in the zx-plane. In the receiving side at wrist, 
as shown in Fig. 2.8 (d), the vertical and horizontal antennas are used for 
measured the received signal power PV and PH while the 3D radiation gains 
GV(,f), GH(,f) are also analyzed, simultaneously. 
Based on the analytical model in Fig. 2.8, the link calculation between on-
body antennas and simulation of radiation patterns of vertical and 
horizontal dipole antennas are carried out using the commercial EM solver 
FEKO [45]. The analytical frequency is 2 GHz. Since the human body is 
unsmooth, the antenna feed point to the surface of the human phantom is 
set with a separation of 4 cm. The analytical results will be illustrated 
hereafter. 
Fig. 2.9 (a) indicates the analytical model from side and left-up views 
when the angle of left arm is 10°. Fig. 2.9 (b) shows the analytical radiation 
patterns of a turn-style antenna mounted on the head at 2 GHz in zx-plane. 
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Fig. 2.9 (c) shows the 3D radiation patterns of vertical and horizontal dipole 
antennas in the receiving point. In Fig. 2.9 (b), it can be seen that the 
omnidirectional radiation pattern with E component of the turn-style 
antenna located at head can be obtained except z direction. In Fig. 2.9 (c), 
the 3D radiation gain of GV(,f), GH(,f) in the incident wave direction from 
head to wrist is 25 dBi and 4.3 dBi, respectively. Therefore, the value BP-
XPR3D can be calculated as 20.7 dB based on Eq. (2.5). 
Fig. 2.10 shows the results of the BP-XPR as a function of the arm-
swinging angle from 20° to 50°. The black curve with symbol indicates the 
the calculated value of BP-XPR based on Eq. (2.4) using the received power 
of PV and PH measured by dipoles. The red curve shows the estimated value 
of the proposed BP-XPR3D defined by Eq. (2.5) using the 3D radiation gain. 
As shown in Fig. 2.10, with the variation of arm-swinging angle, a 
significant fluctuation over 20 dB can be observed in both cases of BP-XPR 
and BP-XPR3D, indicating the dynamic property of on-body channel. 
Moreover, in the entire arm-swinging angular regions, the estimated values 
of BP-XPR3D calculated from Eq. (2.5) agree well with that of BP-XPR in Eq. 
(2.4) regardless of different on-body channels. 
Furthermore, in Fig. 2.10 (a), when the angle of left is 10°, there is a 10-
dB difference between BP-XPR and BP-XPR3D is observed. The reason of this 
phenomenon can be attributed to the shadowing effects caused by the human 
shoulder [49]. According to Fig. 2.9 (a), when the angle of left arm is 10°, the 
receiving antenna is moved to the z direction of transmitting antenna. This 
means that the receiving antenna is moved to the null position of radiation 
pattern of transmitting antenna due to the shoulder shadowing effect. Thus, 
there is a difference occurred between the BP-XPR calculated by received 
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power and the BP-XPR3D estimated by radiation gain. This phenomenon can 
be understood from Fig. 2.10 (b), where the turn-style antenna is mounted 
at foot. Since there is no significant shadowing effects on the link of the foot 
and wrist, the result of BP-XPR3D coincides well with the BP-XPR. 
On the basis of the results above, it is confirmed that the using the 3-
dimensional radiation pattern of test antennas (vertical and horizontal 
dipoles), the body proximity cross-polarization power ratio (BP-XPR) can be 
easily estimated when the direction wave between on-body antennas is not 
significantly obstructed by human body shadowing effects. 
However, since only a special case of real human phantom is used, which 
is not representative of general human property, the calculated value of BP-
XPR3D has not been applied to the weighted-polarization on-body antenna. 
The validity of proposed estimation method of BP-XPR3D needs to be 
confirmed in various human dynamic models, on-body use scenarios and 
different operating frequency in BAN radios. This will be addressed in future 
study. 
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(a) 
 
 
 
 
 
 
 
 
 
(b)                                 (c) 
Fig. 2.9 Radiation characteristics of Tx and Rx antennas based on the 
analytical model when the arm-swing angle is 10 degrees  
(a) Analytical model from side and upper left view, (b) Radiation pattern of 
Tx antenna (turn-style) in zx plane, (c) 3D radiation gain of Rx antenna 
(vertical and horizontal dipoles). 
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Fig. 2.10 BP-XPR vs. Arm-swing angle (a) left head to left wrist, (b) left 
ankle to left wrist. 
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2.6 Conclusion 
This study presents a weighted-polarization antenna applied to BAN on-
body communication systems. A primal objective is to achieve the radio link 
enhancement in both downlink and uplink on-body channels. The proposed 
antenna obtains an optimum signal level using a weight function considering 
the BP-XPR and antenna tilt angle. The results show that the proposed 
antenna achieved more than a 3-dB improvement of received signal 
compared with the other types of antennas, such as vertical dipole, 
horizontal dipole and equal weight combined antennas, regardless of the 
arm-swing motion and antenna placement, which verifies the effectiveness 
of the proposed method to enhance BAN on-body radio links. 
Moreover, a simple estimation method of BP-XPR in consideration of 
human tissue effects and dynamic characteristics is proposed, which is 
quantified based on relative on-body antenna locations and human walking 
motion in an analytical way. The results show that the proposed BP-XPR can 
be estimated using the 3-dimensional radiation pattern of test antennas. 
Using the BP-XPR, the polarization behavior close to the human body is 
clarified. Future work will include the validation of BP-XPR3D and scope of 
on-body applications. 
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3. Development of Spatial Fading 
Emulator 
 
3.1 Introduction 
Since wireless communications utilize radio waves propagating through the 
space as a medium, the propagation path characteristics are varied 
depending on the external conditions such as weather and geographical 
features. Further, in mobile communication system, with the moving 
placement of mobile terminal, fluctuation behavior of the propagation path 
becomes more severe. This phenomenon is named as fading (multipath 
propagation environment), which is generated by the variation of signal 
amplitude and phase. Due to fading effects, the quality of the received signal 
is significantly affected as the mobile moves over distances. To evaluate the 
wireless communication performance, fading effect is an un-ignorable 
impact factor. This is also the basic reason why the OTA device is required. 
Fig. 3.1 (a) shows how fading effects might arise in practice [50]. A 
transmitter and receiver are surrounded by objects which reflect and scatter 
the transmitted energy, causing several waves to arrive at the receiver via 
different routes. This is multipath propagation. Since the direct wave from 
the transmitter to the receiver is blocked, this situation is called non-line-of-
sight (NLOS) propagation. Each of the waves has a different phase and this 
phase can be considered as an independent uniform distribution, with the 
phase associated with each wave being equally to take on any value. In this 
case, the real and imaginary parts of the multipath components fulfill these 
conditions since they are composed of the sum of a large number of waves, 
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leading to a Rayleigh distribution. 
On the contrast, Fig. 3.1 (b) shows the line-of-sight (LOS) case, where a 
single strong path is received along with multipath energy from local 
scatterers. In this situation, the received signal is composed of a random 
multipath component, whose amplitude is described by the Rayleigh 
distribution, plus a coherent line-of-sight component which has essentially 
constant power. The power of this component will usually be greater than 
the total multipath power before it needs to be considered as affecting the 
Rayleigh distribution significantly, leading to a Rice distribution [50]. The 
ratio of direct single strong path and multipath components is often 
expressed as the Rice factor or the K-factor, which is an important parameter 
in Rice channel, as will be presented in Chapter 4. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 50 
 
 
 
 
 
 
 
 
 
 
 
 
(a) Non-line-of-sight (NLOS) 
 
 
 
 
 
 
 
 
 
 
 
(b) Line-of-sight (LOS) 
Fig. 3.1 Multipath radio wave propagation 
 
Transmitter
Receiver
Transmitter
Direct 
path Receiver
 51 
 
3.2 Mechanism of Rayleigh Fading 
As shown in Fig. 3.1(a), in NLOS situation, when the direct wave is 
obstructed, multipath propagation paths will be constructed by a large 
number of reflected waves (scattering waves) at receiving point, resulting in 
a combined electromagnetic wave distribution. To understand the 
phenomenon of Rayleigh fading, it is required to analyze the radio wave 
synthesis theory using a simple analytical model.  
Fig. 3.2 shows the simplest case (two-source model) that an incident wave 
is reflected by a wall. Assuming that there is no reflection attenuation, the 
incident and reflected wave interfere with each other, generating a standing 
wave with periodically-fluctuated amplitude at half-wavelength of incident 
wave. Therefore, the peaks and valleys of the envelope distribution are 
observed. This is the basis of the fading wave.  
Fig. 3.3 shows the calculation examples of fading waves when the reflected 
waves are 2, 3 and 6. In Fig. 3.3, it can be seen that the 6 waves synthesis 
eventually realize a randomly-varied envelope amplitude, which is close to 
situation of LOS environment. This fact indicates that at least 6 multipath 
waves are necessary for Rayleigh fading generation. In this way, an 
mathematical analysis is proposed to understand the multipath propagation 
caused by numerous waves interference phenomenon.  
When multiple scattered waves are composed of many reflected waves, 
each individual reflected wave is called "elementary wave". Fig. 3.4 shows a 
receiving model of arriving waves in mobile terminal, where the carrier 
waves s(t) = Re[ej2f0t] with frequency f0[Hz] come from the transmitter to a 
moving receiver. The nth elementary wave rn(t) at the point of the mobile 
terminal, as shown by the dotted lines, can be expressed as follows. 
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       tjtfjntfjnn neRetetr a  00 22 ReRe          (3.1) 
   tjnn neRte
a                                     (3.2) 
Here, Eq. (3.1) indicates the carrier wave s(t) modulated by the complex 
envelope en(t) while Rn in Eq. (3.2) shows the amplitude of the complex 
envelope. Moreover, an(t) denotes the phase, which is determined by the 
phase shift fn caused by the path differences and the phase rotation 
component 2f0t caused by Doppler shift fd, as expressed by the following 
equations, 
  ndn tft fa  2                                 (3.3) 
where the Doppler shift fd, is given by the rate where the mobile crosses 
wave-fronts of the arriving signal, 

n
d
v
f
cos
                                     (3.4) 
n indicates the angle between the moving direction of the receiver and the 
incident wave. v denotes the moving speed of the receiver. 
In Eq. (3.4), when the direction of incident wave is same as that of mobile 
terminaln = 0), fd = v/; when the arriving wave direction is opposite (n = 
), fd =v/In this way, when n = 0 or , the absolute value of the Doppler 
shift becomes maximum and this value is defined as the maximum Doppler 
frequency fD, 

v
fD                                            (3.5) 
From Eqs. (3.2) to (3.5), the complex envelope en(t) of the nth elementary 
wave rn(t) wave is obtained by 
     nnDnd tfjn
tfj
nn eReRte
ff   cos22              (3.6) 
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Thus, as shown in Fig. 3.4, the multipath scatterering waves r(t) can be 
expressed as a combination of N elementary waves, 
      
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            (3.7) 
The theory of Rayleigh fading is illustrated in details [50]. To understand 
the general nature of Rayleigh fading in actual propagation environment, a 
computer simulation is conducted using Eqs. (3.1) to (3.7), as shown in the 
next section. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.2 Standing wave derived from incident and reflected waves 
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Fig. 3.3 Variation of fading profile vs. number of reflected waves 
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Fig. 3.4 Receiving model of arriving waves in mobile terminal 
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3.3 Simulation by Monte Carlo Method 
In this section, a mathematical model to simulate the multipath fading 
characteristics in the actual radio wave propagation environment is 
presented. 
Fig. 3.5 shows a multipath propagation model. In mobile communication 
system, when the distance between the base station and the mobile terminal 
is large, incident waves from the base station are assumed to be concentrated 
on the horizontal plane. N scatterers are arranged uniformly on a circle in a 
two-dimensional manner., which represent N reflected waves from base 
station caused by buildings and trees in urban areas. 
On the basis of Figs. 3.4 and 3.5, as the same formulation mentioned in 
Sect. 3.2, the complex envelope en(t) of the nth elementary wave rn(t) wave, 
as shown by Eq. (3.6), is expressed by 
      nvnDnd tfjn
tfj
nn eReRte
ff   cos22          (3.8) 
where Rn shows the amplitude of the complex envelope and fn denotes the 
phase shift caused by the path differences, as the same definition in Fig. 3.4. 
Assuming that the multipath lengths between transmitter and receiver are 
unity, Rn can be treated as a constant value. n indicate the nth incident wave 
direction while v shows the moving direction of the receiving antenna, as 
shown in Fig. 3.5. By analyzing the positions of scatterers with respect to the 
moving direction of receiving antenna, it is possible to evaluate the 
propagation characteristic according to the different traveling directions. 
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  (3.9) 
For the convenience and generality of calculation program, the traveling 
distance of receiving antenna is defined as z = vt/. Thus, the simulation can 
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be performed using the travel distance per wavelength regardless of 
wavelength (frequency). 
      
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N
n
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N
n
n
nvnetete
1
cos2
1
f
             (3.10) 
Using Eq. (3.9), the complex envelope en(t) are successively generated 
according to the positions of receiving point. Consequently, the sum can be 
calculated by Eq. (3.10) to simulate the multipath propagation characteristic. 
In Eq. (3.10), the key point is how to set the randomly-varied phase shift 
value fn caused by mobile terminal, as shown in Fig. 3.4. In terms of this 
aspect, the random numbers are used to randomly generate the fn to model 
the random propagation phenomena of mobile communication. The method 
using random numbers to simulate such complex physical phenomenon is 
called the “Monte Carlo simulation”. This method provides the theoretical 
basis for the development spatial fading emulator. The usage of Monte Carlo 
method will be applied in the following chapters and will be introduced in 
details. 
On the basis of the above-mentioned principles, the simulation results 
implemented by the MATALB program is shown hereafter. 
 
 
 
 
 
 
 
 
 58 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.5 Multipath propagation model for Monte Carlo simulation 
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Fig. 3.6 shows the Rayleigh wave generated by the Monte Carlo 
simulation based on Eq. (3.10). Fig. 3.6 (a) shows the scatterers distribution. 
The number of scatterers N is 15 while the moving direction v is 10 degrees. 
The receiving antenna is moved in a distance of 50 wavelengths, where the 
generation of elementary waves is performed 5000 times at equal distance 
intervals (0.01). The PDF (possibility density function) of the received 
signal is shown in Fig. 3.6 (b), where the theoretical distribution in Fig. 3.6 
(b) as a smooth line is the Rayleigh distribution [50], given theoretically by 
   

Re
R
Rp
R
0
2
2
2
2


                    (3.11) 
Fig. 3.6 (c) shows the instantaneous response of the received signal, where 
the average received power in the entire traveling distance is normalized to 
0 dB. As shown in Fig. 3.6 (c), deep null positions of instantaneous response 
over 30 dB from the average received power can be observed. 
Fig. 3.6 (d) shows the CDF (cumulative distribution function) curve using 
the calculated results of instantaneous response in Fig. 3.6 (c). The vertical 
axis shows the logarithmic display of the probability while the horizontal 
axis shows the received signal level normalized to 0 dB. The curve with 
square symbol shows the simulated results by using Monte Carlo method. 
The theoretical line of the CDF of Rayleigh distribution [50] is also included, 
as calculated by the following equation. 
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                  (3.12) 
In Fig. 3.6 (d), when the received signal level is less than 10 dB, the CDF 
value decreases with a gradient of one-tenth per 10-dB degradation of the 
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received power. Also, this result agree well with the theoretical curve, 
indicating that the Monte Carlo simulation method has a sufficient accuracy 
compared with the analytical solution. 
Based on the investigations mentioned above, an actual fading emulator 
is designed and manufactured by implementing the analytical model shown 
in Fig. 3.5, where the software for controlling the time-sequential varied 
signals for Rayleigh fading generation is also developed using the 
formulations in this section. The details of the development process will be 
introduced hereafter. 
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(a) Scatterers arrangement 
 
 
 
 
 
 
 
 
 
 
 
(b) Possibility density function 
Fig. 3.6 Generation of Rayleigh fading using Monte Carlo simulation 
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(c) Instantaneous response 
 
 
 
 
 
 
 
 
 
 
 
(d) Cumulative distribution function 
Fig. 3.6 Generation of Rayleigh fading using Monte Carlo simulation 
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3.4 Design and Manufacture of the Actual Spatial 
Fading Emulator 
The configuration of the developed fading emulator for BAN antenna 
assessment are illustrated in Figs. 3.7 and 3.8. The surrounding scatterers 
comprised of vertical and horizontal 950 MHz half-wavelength dipole 
antennas are fixed on the top of the resin pillars, which are located on the 
circumference at equal intervals. These orthogonally-arranged scatterers 
are used to realize cross-polarization power ratio (XPR) to represent 
different radio wave polarization components. The diameter of the fading 
emulator is 240 cm, and the height of each surrounding dipole antenna 
measured from the floor is 100 cm. The arm-swinging dynamic human 
phantom is located at the center of the fading emulator, which is developed 
by Panasonic [38]. The phantom is made of polypropylene with a thickness 
of 3mm for simulating the electrical properties of human, where both the 
arms are controllable to swing in order to emulate the dynamic shadowing 
effects caused by human behavior. 
RF signals radiated from the scatterers are summed around the DUT 
(device under test) antenna attached at the human phantom, and the desired 
radio channel environment can be generated. The RF signal delivered from 
port 1 of a vector network analyzer (VNA) is separated by a power divider. 
Then, the radio waves are radiated from the antenna probes through the 
phase shifters and attenuators, which are used to control the phase and 
amplitude of each signal for emulating the multipath propagation 
environment.  
The amplitude of each path was controlled by the attenuator according to 
the requirement of realizing Clark or Cluster channel model [51-54]. A 
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computer was used to calculate the values of the phase shift of the signals 
from each scatterer to obtain a Rayleigh fading channel. In the measurement, 
the emulated radio waves radiated from the scatterers are received at 
receiving antenna (DUT) and measured its amplitude and phase, which 
means the S21 characteristics, using the VNA. In general, the experiment is 
performed using sinusoidal continuous wave (CW) signals. On the other 
hand, with different transmitting and receiving devices, the developed 
fading emulator can also perform other modulated signals, such as OFDM, 
CDMA, HSDPA, and MIMO formats in mobile communication system 
because of the RF-controlled configuration, rather than a digital-based 
architecture. Using this apparatus, a desired Rayleigh fading channel can 
be realized. 
Fig. 3.9 shows a phase shifter utilized in the control circuit of the fading 
emulator. Fig. 3.9 (a) shows its photograph of the internal structure. One 
case of phase shifter is comprised of two phase shift unit (JSPHS-23+), where 
each unit can change the phase value from 0 to . This means that the phase 
shift value of each path can be controlled in a range of 0 to 2, which is 
sufficient to realize the Rayleigh fading generation. Fig. 3.9 (b) shows the 
voltage characteristic of the phase shifter, where the fitting function can be 
expressed by 
0559.218.47758.00623.0 23  fffbiasV             (3.13) 
where f denotes the phase shift value. This function will be utilized to 
generate the bias voltage controlled by the D/A (digital/analog) converter, as 
shown in Fig. 3.9. 
Fig. 3.10 shows an example of measured result using the developed fading 
emulator without human phantom, which means that only a sleeve dipole 
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antenna at 950MHz located at the center of the OTA apparatus is used to 
receive the combined signals. 7 scattering units with radio wave absorbers 
behind them can create Rayleigh fading signals by varying the phases in the 
control circuit of fading emulator. The radio wave polarization environment 
was assumed to be vertical, which means that only vertical dipole antennas 
of the surrounding scatterers has been used. 
Fig. 3.10 (a) shows the measured results of instantaneous response of a 
dipole antenna with a traveling distance of 50 wavelengths at 950 MHz. The 
sampling number is set to 5000. As shown in Fig. 3.10 (a), deep null positon 
over 30 dB can be observed, corresponding to the analytical result in Fig. 
3.6 (c). Fig. 3.10 (b) indicates the CDF curve measured by the fading 
emulator, which agrees well with the theoretical value of Rayleigh 
distribution. This fact indicates that the Rayleigh fading propagation 
environment can be realized using the developed fading emulator.  
Using this spatial fading emulator, the evaluation of wearable antenna 
performance in BAN system considering human and multipath environment 
mutual interactions have been conducted, as will be illustrated in the 
following sections.  
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Fig. 3.7 Design chart of spatial fading emulator 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.8 Overview of the fading emulator for BAN antenna assessment 
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(a) Photograph of phase shifter 
 
 
 
 
 
 
 
 
 
 
(b) Voltage characteristic and curving fitting 
Fig. 3.9 Characteristics of phase shifters 
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(a) Instantaneous response 
 
 
 
 
 
 
 
 
 
 
 
(b) CDF characteristics 
Fig. 3.10 Measured result of Rayleigh wave using the developed fading 
emulator without human phantom 
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3.5 Conclusion 
This chapter presents the development procedure of a spatial fading 
emulator in Toyama University.  
Before the development of the actual device, the theoretical mechanism of 
multipath radio wave propagation phenomenon was analyzed, where the 
generation mechanism of multipath Rayleigh fading have been formulated. 
On the basis of the theoretical formulations, an analytical model using 
Monte Carlo simulation is constructed, which is confirmed to successfully 
realize the Rayleigh distribution property.  
Using the theoretical and analytical investigations, the design and 
hardware implementation of an actual fading emulator was conducted. After 
the OTA device is manufactured, validity confirmation of Rayleigh fading is 
also needed. The result shows that a good nature of Rayleigh fading 
probability distribution can be performed by the developed fading emulator.  
The developed OTA apparatus will be used to evaluate the wearable 
antennas considering different BAN use scenarios, as will be illustrated 
respectively in the following chapters. 
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4. Rice Channel Model Realization 
 
4.1  Introduction  
As mentioned in the previous chapters, OTA testing is a method of 
evaluating the general performance of a mobile device [15]. An OTA test to 
assess a multiple-input multiple-output (MIMO) handset antenna in 
multipath environments has been developed [17] [28] [55]. The study in [17] 
confirmed that the Rayleigh propagation environment indoors can be 
realized by setting a collection of random phases for the uniformly 
distributed scatterers. However, the OTA technique was not applied to body 
area network (BAN) systems in previous studies [38] [56]. In BAN systems, 
antenna characteristics are significantly altered by human body coupling or 
shadowing effects, and also the propagation environment. To determine the 
actual performance of BAN terminals in specific use scenarios is a 
complicated subject. Therefore, the objective of this study is aimed at 
developing an OTA methodology using a fading emulator for the accurate 
testing of BAN systems. 
There are two major differences between an OTA test for cellular MIMOs 
and that for BAN radios. The first difference is that in BAN radios, we must 
consider dynamic channel variations, commonly referred to as shadowing, 
caused by the motion of an operator, such as the swinging of arms while 
walking. The second difference is that a BAN sensor module may be attached 
to the human body, such as on the head, torso, wrist, ankle or other positions, 
for collecting medical information where there is a strong direct wave coming 
from the sensor module to an access point attached at the waist, as shown in 
Fig. 4.1. This situation creates a Rice propagation environment in 
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combination with the fields reflected from the surrounding objects. 
In order to resolve the first issue, many studies have been published. Body 
dynamics are shown to significantly affect fading properties [10] [57]-[62]. 
Previously, an arm-swinging dynamic phantom that can simulate the 
natural walking style of humans was developed [38]. Using the phantom, 
shadowing-fading combined effects have been analyzed in [38] [56]. 
As for the second difficulty, there are also many related papers. A channel 
model for a wearable BAN based on the path loss model measured in an 
anechoic chamber is presented in [63]. However, the multipath component is 
not considered. Some studies for on-body propagation channels in a hospital 
environment are discussed in [57] [64-69]. Literature [57] proposed a 
statistical model for the on-body dynamic channel, which shows that the 
multipath bounces result in an additional energy contribution to the channel 
gain between two on-body antennas. The degradation of the Rice factor 
results in a fading statistic approaching a Rayleigh distribution (see Table 6 
in [57]). However, these investigations have some drawbacks, such as low 
repeatability and accuracy because of the actual test persons and the specific 
measurement locations. Moreover, the K-factors shown in [69] indicate that 
the best-fitting statistical model depends on numerous parameters, such as 
the propagation channel, human subject, the antenna, and its orientation. 
Therefore, using the statistical channel model, it is difficult to conduct a 
precise evaluation of commercially available BAN devices in a specific use 
scenario. Thus, developing an experimental methodology and instrument 
that takes into account the combined effects caused by the direct path and 
multipath signals indoors, considering human dynamic characteristics, is an 
indispensable aspect of the evaluation of BAN radio systems, as will be 
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illustrated later. 
This work presents a new methodology for realizing a Rice channel in 
BAN-OTA testing using a fading emulator with a dynamic phantom. For the 
proposed apparatus to be effective, the fading emulator must be provided 
with an appropriate K-factor that represents the actual propagation 
environment indoors. Further, an implementation of the Rice channel to the 
proposed fading emulator in a BAN situation is presented. Thereafter, a 
calibration method for the fading emulator to adjust the actual K-factor of 
the on-body Rice channel is advanced. This calibration method is validated 
by analyzing the variations in the instantaneous K-factor attributed to the 
arm-swinging motion. Finally, an experiment is conducted for a continuous 
human walking motion with the fading emulator using an arm-swinging 
dynamic phantom. The results show that the developed fading emulator 
allows BAN-OTA testing to replicate the actual Rice channel propagation 
environment with the consideration of the dynamic characteristics of human 
walking motion. 
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Fig. 4.1 Typical usage scenario of BAN radios 
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4.2 Configuration of the BAN Fading Emulator 
The proposed fading emulator for BAN-OTA testing is shown in Fig. 4.2. The 
arm-swinging dynamic human phantom [38] is located at the center of the 
fading emulator. The phantom can swing both the arms to emulate the 
shadowing effects whereas the scatterers comprised of dipole antennas 
surrounding the phantom are used to create the cross-polarized fading 
signals at the Doppler frequency of walking. The diameter of the fading 
emulator is 240 cm, and the height of each surrounding dipole antenna 
measured from the floor is 100 cm. The signals radiated from the scatterers 
are summed around the phantom, and the desired radio channel 
environment can be generated, as shown by the blue dotted arrows. 
Additionally, a dipole antenna attached to the human body, e.g., on the chest, 
simulating a sensor module creates direct waves towards a dipole antenna 
simulating an access point located at the waist, as shown by the red solid 
arrow. 
The fading emulator has two attenuators, ATT1 and ATT2, as shown in 
Fig. 4.2. The former is connected to the dipole antenna attached to the 
human body to control the direct wave component Pd, and the latter is 
connected to the dipole antennas used as scatterers located in the horizontal 
plane to control the multipath field components Pr. Therefore, the direct to 
the scattered field power ratio can be controlled with these two attenuators. 
Moreover, the K-factor representing the indoor radio propagation 
environment can be set with regard to the actual on-body Rice channel for 
BAN-OTA testing. The method of calibrating the fading emulator using the 
attenuators will be described in Sect. 4.4. 
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Fig. 4.2 Configuration of the BAN fading emulator 
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4.3 Implementation of Rice Channel to a Fading 
Emulator 
Based on the configuration of the BAN fading emulator described in Sect. 
4.2, an implementation of the Rice channel using the Monte Carlo method 
[38] [56] [70] considering the human walking motion in a BAN situation is 
presented in this section. 
In general, BAN communications are classified into two major categories 
based on the different operational bandwidth: narrow band and wide band 
systems. In a narrow band system, the frequency is operated at 400 MHz or 
950 MHz, leading to a low bit rate of communication. A frequency of 400 MHz 
is usually used for an implanted BAN system, such as capsule endoscopy; 
950 MHz is generally applied to wearable devices. In this study, we focus on 
a narrowband system at 950 MHz for on-body BAN antenna evaluation, and 
thus the channel is considered to have a flat fading or time-invariant 
response in the absence of delay signals. 
As shown in Fig. 4.3 (a), the BAN Rice channel is assumed to be 
surrounded by N scatterers uniformly arranged in the azimuth direction. 
Initially, we focus on the reflected wave components Pr [71] [72], which 
indicate the multipath radio wave propagation environment, as shown in Fig. 
4.3 (a). Assuming that the n-th path has a transfer function with vertical and 
horizontal components, its transfer function at the antenna can be given by 
 
                                       (4.1) 
 
                                          (4.2) 
where EV (n,fn) and EH (n,fn) denote the complex electric field directivity 
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of the antenna element for the  and fcomponents, which are calculated by 
the method of moments [38]. Here, hne represents the equivalent amplitude 
of the incident waves and can be set to an arbitrary value; thus, it is assumed 
to have unity amplitude. Further, XPR is the cross-polarization power ratio 
[44]. The phases of the vertical (Vn) and horizontal (Hn) polarization 
components are independent of each other and uniformly distributed from 0 
to 2. 
For each path, the two polarization components are combined as a 
complex sum of vertical and horizontal components as follows: 
                                        (4.3) 
The resultant channel response hs at the antenna is expressed as the sum 
of N paths using the following equation: 
 
                                        (4.4) 
where  is the carrier wavelength in free space, and d is the distance 
travelled by the dynamic phantom toward the azimuth direction (fm). 
Therefore, the average power of the reflected waves (Pr) is obtained given 
by 
 
   (4.5) 
where S signifies the number of samples, which means the entire snapshots 
in a walking motion process. 
On the other hand, the channel response of the direct wave can be 
expressed as 
(4.6) 
where K is defined as the power ratio of the direct Pd and reflected wave 
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components Pr, usually known as the Rician factor or the K-factor. 
As shown in Fig. 4.3 (b), the combined signal response of each path at 
each arm-swinging angle can be obtained as a vector sum in the following 
form: 
(4.7) 
Therefore, the overall channel response in a Rice environment is expressed 
as follows: 
 
                                          
(4.8) 
where         is the maximum Doppler frequency, and v denotes the 
velocity of the phantom. 
Using this model, a Monte Carlo simulation can be carried out when the 
phantom is moving with the arms swinging, where the K-factor is used as 
an input variable to represent the relationship between Pd and Pr at each 
arm-swinging angle. The analytical results, presented in Sect. 4.5, will be 
compared with the measured results. 
Furthermore, the software for controlling the fading emulator is also 
developed on the basis of the formulations mentioned above [Apx. A]. 
Specifically, time-sequential variations of signals for the surrounding dipole 
antennas (scatterers) and body-mounted dipole antenna (sensor module), 
depicted in Fig. 4.2, can be generated using a combination of Eq. (4.8), by 
varying the voltages applied to the phase shifters and attenuators (see Fig. 
4.4), and the calibration method, as discussed in the next section. 
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(a) BAN Rice channel model 
 
 
 
 
 
 
 
 
(b) Combination of direct and reflected wave components 
Fig. 4.3 Implementation of Rice channel to the fading emulator 
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4.4 Calibration Method  
Because there is a difference between the indoor radio wave propagation 
environment and usage scenarios of the fading emulator, calibration of the 
fading emulator is necessary for recreating the actual conditions of the other 
environments. Therefore, prior to the basic experiment, a procedure for 
calibrating the fading emulator is described in this section. 
Fig. 4.4 shows the circuit of the fading emulator, which is composed of a 
power combiner, 7 phase shifters, and two attenuators. As can be seen, the 
power combiner is used to combine the signals from the surrounding dipole 
antennas with different phases obtained by using the phase shifters, as 
shown by the red diagram block. Here, ATT1 is used to control the direct 
wave (Pd), and ATT2 is used to control the reflected wave (Pr), as mentioned 
in Sect. 4.2. 
The fading emulator can be calibrated by setting the values of the 
attenuators, shown in Figs. 4.2 and 4.4, using Eqs. (4.9) and (4.10) given 
below. 
 
If Pd – Pr < K, then 
ATT1 (dB) = 0 (dB), 
ATT2 (dB) = K (dB) – {Pd (dBm) – E[Pr] (dBm)}                   (4.9) 
 
If Pd – Pr > K, then 
ATT1 (dB) = {Pd (dBm) – E[Pr] (dBm)} – K (dB), 
ATT2 (dB) = 0 (dB)                                           (4.10) 
 
where Pd and Pr denote the power of the direct and scattered signals in dBm. 
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Here, E[x] signifies the expectation or average of the quantity x. The Rician 
factor or K-factor (K), in Eqs. (4.9) and (4.10), is defined as the ratio of Pd to 
Pr, and it can be measured during the propagation experiment, which will be 
described later in Sect. 4.4.3. Moreover, Pd can be measured with a vector 
network analyzer (VNA), and E[Pr] can be measured with the developed 
fading emulator, shown in Fig. 4.2, which will be discussed in Sects. 4.4.1 
and 4.4.2, respectively. With the actual value of the K-factor in a certain 
situation as a reference, the attenuators in the fading emulator, shown in 
Fig. 4.4, can be used to adjust the ratio of Pd to Pr to create a realistic radio 
propagation environment as required. For example, if Pd  Pr is less than K-
factor as shown in Eq. (4.9), the signal level of reflected wave will be larger 
than that in the actual propagation environment. Thus, we need to set the 
value of difference into ATT2 to reduce the signal level of reflected wave 
components to adjust the measured K-factor in the actual propagation 
experiment. On the contrary, if Pd – Pr is larger than the actual K-factor as 
indicated in Eq. (4.10), it means that the direct wave is so large that the 
value of difference needs to be set into ATT1 to reduce the signal level of 
direct wave components to adjust the measured K-factor. 
In order to confirm the proposed method of calibration mentioned above, 
some basic experiments have been carried out.  
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Fig. 4.4 Photograph of the developed fading emulator 
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First of all, a basic experiment for confirming the realization of the Rice 
channel has been conducted using the proposed calibration method by the 
developed fading emulator, where the human effects are not considered.  
Fig. 4.5 shows the measurement setup, which is the prototype of fading 
emulator developed in Toyama University [73]. A sleeve antenna at 950MHz 
located at the center is used to receive the combined signals, where another 
sleeve antenna beside is used to create a strong direct radio wave. 7 
scattering units with radio wave absorbers behind them can create Rayleigh 
fading signals by varying the phases and amplitudes in the control circuit of 
fading emulator, as shown by Fig. 4.4.  
Fig. 4.6 shows a vector diagram of both Rayleigh and Rice distribution 
created by the fading emulator. The black points indicate the entire 
snapshots of received signals. The points plotted at the center of the diagram 
shows the Rayleigh distribution situation while the points plotted away from 
the center of the diagram shows the Rice distribution results when K = 13 
dB. As an example, the red arrow denoted by hd shows the channel response 
of direct wave while the white arrow indicated by hnr shows that of the 
multipath wave components. The green arrow denoted by hnc shows the 
combined outcome. In Fig. 4.6, the relationships of three vectors indicate 
that the proposed Rice channel can be realized using the proposed 
calibration method by using the fading emulator 
Fig. 4.7 shows the various instantaneous response of a dipole antenna 
with a walking distance of 50 wavelengths at 950 MHz in different values of 
K-factor using the method of calibration by the fading emulator using Eqs. 
(4.9) and (4.10). As shown in Fig. 4.7, with the value of K-factor increasing, 
the deep nulls disappear owing to an increase in the power ratio of direct and 
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reflected waves controlled by the fading emulator. 
Fig. 4.8 shows the CDF characteristics of received signals corresponding 
to the instantaneous responses shown in Fig. 4.7. The theoretical curve for 
the I-zero response [50], defined as the modified Bessel function of the first 
kind with order zero, is also included as the dotted curve, which is generally 
used to describe the Rice distribution. It can be seen that measured results 
indicated by the red curves in different values of K-factors agree well with 
their theoretical curves, indicating the effectiveness of proposed calibration 
method. 
After the calibration method is validated by using dipole antenna, the 
experiments using the dynamic human phantom considering the arm-
swinging motions have been carried out. 
In previous studies [38] [56], the shadowing effects attributed to the arm-
swinging motion are shown to simultaneously affect the direct wave between 
the two on-body antennas and reflected wave components from the 
surrounding objects. Therefore, it is necessary to measure the direct and 
multipath signals individually and analyze the relationship between the 
value of K-factor, Pd and E[Pr], to confirm the validity of proposed method of 
calibration. The measurements are presented in five sections, 4.4.1, 4.4.2, 
4.4.3, 4.4.4, and 4.4.5, as follows. 
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Fig. 4.5 Rice confirmation experiment without human phantom 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.6 Vector diagram of received signals in Rayleigh and Rice 
distribution realized by fading emulator 
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Fig. 4.7 Instantaneous response with different values of K-factors 
calibrated by the fading emulator 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.8 CDF characteristics with different values of K-factors 
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4.4.1 Measurement of Pd 
Initially, the path loss between the two BAN antennas that represents the 
power of the direct wave (Pd ) was measured considering the arm-swinging 
motion in BAN on-body situation. We chose a half-wavelength dipole 
antenna as a test antenna because of an easy understanding of the physical 
mechanism with regard to the measured results owing to simple radiation 
properties.  
In Fig. 4.9, the picture on the left-hand side shows the photograph of the 
arm-swinging dynamic phantom [38], and the figure on the right-hand side 
shows its configuration. The receiving half-wavelength dipole antenna at 950 
MHz in the vertical orientation was located at position A on the left-hand 
side of the waist of the structure. The transmitting antenna was mounted at 
positions B and C, which are 45° and 135° away from position A in the same 
horizontal plane around the torso, as shown in the right-hand side figure of 
Fig. 4.9. The distances from A to B and A to C around the torso of the 
phantom can be calculated as 17.3 cm and 51.8 cm, respectively. The 
separation between the dipole antenna and the surface of the phantom is set 
to 1 cm. The impedance characteristics when the separation is 1 cm are 
shown in Fig. 4.10 for three cases: the results calculated by the method of 
moments, those measured by the phantom, and the results for a human (22-
year-old Japanese male, 70 kg in weight and 175 cm in height). Furthermore, 
the analytical results when the distance between the antenna and the 
phantom was 3 cm [38] are also included in Fig. 4.10. It can be seen that 
there is little difference between the result of VSWR when the separation is 
1 cm and that of 3 cm, which indicates that the separation between the 
antenna and phantom does not have a serious impact on the impedance 
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characteristics because the design uses a dipole antenna with relatively 
wideband characteristics. Thus, for a more realistic wearable situation, in 
this study, the separation is set to 1 cm in all analyses and measurements. 
Additionally, two coaxial cables were used to connect the two dipole 
antennas to a VNA for measuring the S21 characteristic. Detailed 
descriptions of the measurement model and procedures are given in [39]. The 
phantom can swing both the arms to create the shadowing effects. The angle 
of left arm was changed from –15 to 40 degrees at 5 degrees intervals while 
the right arm was changed from 40 to –15 degrees simultaneously as the 
same manner, which has been confirmed by analyzing the statistical 
measurements of walking motion using the real test persons [56]. 
Fig. 4.11 shows the measured results with two different positions of the 
two dipole antennas (A-B and A-C) and the angle of left arm as parameters. 
As can be seen, when the angle of left arm is varied from 15° to 40°, the 
curves of path loss change correspondingly for each position. In A-C position, 
the path loss is greater with considerable variation because of the 
obstruction of the phantom body and shadowing effects caused by the arm, 
as shown by the curve with the ■ symbol. On the other hand, if the two 
antennas are placed close to each other, in position A-B (shown by the curve 
with symbol ●), the level of path loss decreases, indicating a strong direct 
wave level. The characteristics of path loss at these two positions (A-B and 
A-C) will be used to verify the proposed calibration method, as will be 
presented later in Sects. 4.4.4 and 4.4.5. 
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Fig. 4.9 Photograph and configuration of the arm-swinging 
dynamic phantom 
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Fig. 4.10 VSWR vs. angle of the left arm at location A 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.11 Path loss vs. angle of left arm for different antenna positions 
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4.4.2 Measurement of Pr 
The average power of the reflected waves (E[Pr]) at different angles of the 
left arm also needs to be measured. 
In this case, only the receiving antenna located at position A, shown in 
Fig. 4.9, is used for collecting the combined multipath radio waves created 
by the scattering antennas using the developed RF-controlled fading 
emulator. 
As shown in Fig. 4.12, when the angle of the left arm is varied from 15° 
to 40° in intervals of 5°, a significant degradation of approximately 15.5 dB 
can be observed. The reason is that when the left arm is close to the dipole 
antenna attached to the waist, the radiation efficiency reduces significantly 
because of the shadowing effects caused by the arm [38]. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.12 Variation of multipath signals vs. angle of the left arm 
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4.4.3 Preliminary Experiment using a Phantom 
To obtain the actual value of the K-factor in indoor on-body Rice channel 
situations, a preliminary experiment has been conducted using the human 
phantom with a fixed arm angle. As shown in Fig. 4.13, an arm-swinging 
dynamic phantom with salt water inside, which is close to the electrical 
property of the human body, is used instead of a real test person because of 
better repeatability [38]. 
The phantom’s torso has a diameter of 22 cm and a height of 120 cm. The 
receiving antenna was located at position A shown in Fig. 4.9 whereas the 
transmitting antenna was located at positions B and C. The two antennas 
attached to the phantom were separated by 1 cm from the surface for the 
experiment. Moreover, the left and right arms were fixed at 15° and 40° 
angles, respectively. For the measurement, the frequency was set to be 950 
MHz. The data of the received signals were collected and analyzed on the 
receiving side. 
Fig. 4.14 shows the top view of the indoor measurement environment, 
which is an 8 m × 6.5 m classroom at Toyama University. The distance from 
the floor to ceiling is 3 m. The distance from the human phantom to the wall 
is set to 1.8 m on the right side and 1 m on the back side. Fig. 4.15 shows the 
measurement scenarios. The arms of the human phantom can be fixed at 
any desired angle, as shown in Fig. 4.15 (a). The phantom was pushed by a 
person along a distance of 6 m for 20 s with two dipole antennas attached to 
the phantom, as shown in Fig. 4.15 (b). 
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Fig. 4.13 Setup for indoor measurement of K-factor 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.14 Measurement environment in a classroom 
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(a) Arm-fixed human phantom 
 
 
 
 
 
 
 
 
 
 
 
(b) Experiment scenario 
Fig. 4.15 Photograph of propagation experiment 
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Fig. 4.16 shows the measured results of the propagation experiment. Figs. 
4.16 (a) and (b) indicate the instantaneous response and cumulative 
distribution function (CDF) characteristics when the left arm is fixed at 15° 
and the antennas are mounted at position A-B, shown in Fig. 4.9. Further, 
Figs. 4.16 (c) and (d) indicate the instantaneous response and CDF 
characteristics when the left arm is also fixed at 15° and the antennas are 
mounted at position A-C, shown in Fig. 4.9. The theoretical curve for 
Rayleigh response is also included. For each case, measurements have been 
taken thrice so as to reduce the error of measurement. During the 
measurement time of 20 s, the number of samples in the receiver was set to 
be 4000, which means that we recorded data every 0.005 s, as indicated by 
the horizontal axes in Figs. 4.16 (a) and (c). The CDF curves shown in Figs. 
4.16 (b) and (d) indicate that the measured values of K-factor are 18 dB and 
5 dB in the two antenna positions A-B and A-C, respectively. 
Moreover, with this propagation experiment, the actual values of K-factor 
can be measured for different relative antenna positions and different 
instantaneous angular positions of the arms, which will then be used for the 
validation of the proposed calibration method in the Sects. 4.4.4 and 4.4.5. 
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(a) Instantaneous response at position of A-B 
 
 
 
 
 
 
 
 
 
 
 
(b) CDF characteristics at position of A-B 
Fig. 4.16 Measurement results of the propagation experiment  
in a classroom 
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(c) Instantaneous response at position of A-C 
 
 
 
 
 
 
 
 
 
 
 
(d) CDF characteristics at position of A-C 
Fig. 4.16 Measurement results of the propagation experiment  
in a classroom 
0   400 800 1200 1600 2000 2400 2800 3200 3600 4000
-120
-110
-100
-90
-80
-70
-60
-50
-40
-30
-20
Data Number
S
ig
n
a
l 
L
e
v
e
l 
[d
B
m
]
Short-Term Distribution
A-C
Angle of left arm =  – 15
-40 -30 -20 -10 0  10 
0.01 
0.05 
0.1  
0.5  
1    
5    
10   
50   
90   
99   
99.99
Level [dB]
P
ro
b
a
b
il
it
y
 [
%
]
Cumulative Probability Density
K = 5 dB
Rayleigh
 98 
 
4.4.4 Calibration in Fading Emulator 
After Pd and E[Pr] are analyzed as mentioned above, the K-factor can be 
achieved on the basis of these two parameters by adjusting the attenuator 
in the fading emulator. For example, we choose a specific situation when the 
angle of the left arm is at a reference position of 15°. The receiving and 
transmitting antennas are placed in positions A and B, respectively, as 
shown in the right figure of Fig. 4.9. From the propagation experiment 
described in Sect. 4.4.3, the K-factor is measured as 18 dB for this case, as 
indicated by Fig. 4.16 (b). As can be seen in Fig. 4.11, when the angle of the 
left arm is 15°, the path loss is 25.3 dB shown as Q1. Because the 
transmission power was set to be 0 dBm, the signal level of the direct wave 
(Pd) is calculated to be 25.3 dBm. Moreover, the average reflected wave 
E[Pr] is 50.8 dBm as shown by position Q2 in Fig. 4.12 when the angle of 
the left arm is 15°. Thus, the difference between Pd and E[Pr], which is 
equivalent to the K-factor, is 25.5 dB. This value is larger than the actual 
measured K-factor value of 18 dB. Therefore, Eq. (4.10) can be selected to 
calibrate the fading emulator. Using Eq. (4.10), the value we set to ATT1 can 
be calculated as [{25.3 dBm(50.8 dBm)} 18 dB]7.5 dB, and ATT2 is 
set to be 0 dB. 
Fig. 4.17 (a) and (b) indicate the results measured with the fading 
emulator using Eq. (4.10). It can be seen that both the instantaneous 
response and CDF characteristics obtained by calibrating the fading 
emulator coincide well with the measured results from the propagation 
experiment shown in Figs. 4.17 (a) and (b). Therefore, the K-factor, obtained 
from the propagation experiment, can be realized by setting the attenuators 
in the fading emulator with the proposed method of calibration. 
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(a) Instantaneous response at position of A-B 
 
 
 
 
 
 
 
 
 
 
 
(b) CDF characteristics at position of A-B 
Fig. 4.17 Calibration of K-factor when angle of left arm = −15° 
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4.4.5 Verification of the Proposed Method 
After obtaining the values set in the attenuators, the instantaneous K-
factors can be estimated for situations where the phantom swings both arms 
by transforming Eqs. (4.9) and (4.10) as follows: 
 
If Pd – Pr < K, then 
K (dB) = Pd (dBm) – {E[Pr] (dBm) – ATT2 (dB)}                  (4.11) 
   
If Pd – Pr > K, then 
K (dB) = {Pd (dBm) – ATT1 (dB)} – E[Pr] (dBm)                  (4.12) 
   
Here, Eq. (4.12) is selected because we will analyze the same situation 
mentioned in Sect. 4.4.4 with the left arm at 15° angle and antennas at 
position A-B. Thus, the K-factors at other angles of the left arm at 5° degrees 
intervals can be estimated using Eq. (4.12), which are illustrated in Table 
4.1. Thereafter, we conduct the actual experiment, where the human 
phantom is walking for a distance of 50 wavelengths at 950 MHz, using the 
fading emulator to confirm the accuracy of the estimated K-factors, shown 
in the right column of Table 4.1. 
For a certain position, calibrated with the fading emulator, taken as a 
reference position, as shown in Fig. 4.17, we only need to change the angle 
of left arm at 5° intervals to measure the combined signal levels of Pd and 
E[Pr] created by the fading emulator at every instantaneous angular position. 
The measured K-factor will be automatically set by the direct wave Pd and 
reflected waves E[Pr] caused by the movement of the left arm, as shown in 
Table 4.1. For example, from position Q3 in Fig. 4.11 and position Q4 in Fig. 
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4.12, we can infer the values of Pd and E[Pr] to be 30.6 dBm and 64.3 dBm, 
respectively, when the left arm is at an angle of 0°. Because ATT1 is set to be 
7.5 dB, the K-factor can be calculated as ((30.6 dBm 7.5 dB) (64.3 dBm)) 
26.2 dB, as shown in Table 4.1. 
The estimated K-factors at position A-C are also included in Table 4.2. 
On the basis of the calibration method at position A-B, we chose the same 
angle of the left arm at 15° as a reference position. From the propagation 
experiment described in Sect. 4.4.3, the K-factor is measured as 5 dB for this 
case, as indicated by Fig. 4.16 (d). As can be seen in Fig. 4.11, when the angle 
of the left arm is 15°, the signal level of the direct wave (Pd) is found to be 
56 dBm, as shown by position Q5. The average reflected wave E[Pr] is 50.8 
dBm as shown by position Q2 in Fig. 4.12, when the angle of the left arm is 
15°. Thus, the K-factor can be calculated to be 5.2 dB. This value is less 
than the actual measured K-factor value of 5 dB. Therefore, Eq. (4.9) is 
selected to calibrate the fading emulator. Using Eq. (4.9), the value we set to 
ATT2 can be calculated as 5 dB (56 dBm (50.8 dBm))10.2 dB, and 
ATT1 is set to be 0 dB in this case. After the K-factor at the reference position 
is calibrated, the K-factors at each arm-swinging angle are estimated, as 
shown in the right column of Table 4.2. For example, from position Q6 in Fig. 
4.11 and position Q4 in Fig. 4.12, we can infer the values of Pd and E[Pr] to 
be 68.7 dBm and64.3 dBm, respectively, when the left arm is at an angle 
of 0°. Because ATT2 is set to be 10.2 dB, using Eq. (4.11), the K-factor can be 
calculated as ((68.7 dBm)(64.3 dBm10.2 dB))5.8 dB, as shown in 
Table 4.2. 
 
 
 102 
 
Table 4.1 K-factor estimation for different angles of the left arm with 
antennas at position A-B 
 
 
 
 
 
 
 
 
 
 
 
Table 4.2 K-factor estimation for different angles of the left arm with 
antennas at position A-C 
 
 
 
 
 
 
 
 
 
 
 
Angle of Left
Arm (deg)
Pd (dBm) Pd (dBm)–
ATT1(dB)
E[Pr](dBm) K(dB) = (Pd (dBm) –
ATT1 (dB)) – E[Pr] (dBm)
– 15 – 25.3
(Q1)
– 32.8 – 50.8
(Q2)
18 (Measured by
propagation experiment)
– 10 – 26.1 – 33.6 – 53.7 20.1
– 5 – 27.9 – 35.4 – 58.3 22.9
0 – 30.6
(Q3)
– 38.1 – 64.3
(Q4)
26.2
5 – 32.5 – 40 – 65.2 25.2
10 – 32.1 – 39.6 – 59.3 19.7
15 – 30.3 – 37.8 – 52.9 15.1
20 – 27.9 – 35.4 – 51.3 15.9
25 – 25.8 – 33.3 – 50.8 17.5
30 – 24.8 – 32.3 – 50.1 17.8 
35 – 24.6 – 32.1 – 49.7 17.6
40 – 25.0 – 32.5 – 50.3 17.8
Angle of Left
Arm (deg)
Pd (dBm) E[Pr](dBm)
–ATT2(dB)
E[Pr](dBm) K(dB) = Pd (dBm) –
(E[Pr] (dBm) –ATT2(dB))
– 15 – 56
(Q5)
– 61 – 50.8
(Q2)
5 (Measured by
propagation experiment)
– 10 – 56.6 – 63.9 – 53.7 7.3
– 5 – 60.5 – 68.5 – 58.3 8
0 – 68.7
(Q6)
– 74.5 – 64.3
(Q4)
5.8
5 – 79.5 – 75.4 – 65.2 –4.1
10 – 74.0 – 69.5 – 59.3 –4.5
15 – 71.1 – 63.1 – 52.9 –8
20 – 67.9 – 61.5 – 51.3 –6.4
25 – 63.8 – 61.0 – 50.8 –2.8
30 – 60.3 – 60.3 – 50.1 0
35 – 58.4 – 59.9 – 49.7 1.5
40 – 57.2 – 60.5 – 50.3 3.3
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Fig. 4.18 (a) and (b) show the CDF variations for four different left arm 
angles (15°, 0°, 15°, and 40°), when the dipole antennas are located at 
positions A-B and A-C, respectively. The theoretical curve for Rayleigh 
response is shown with the solid line. The curves with symbol ○ indicate the 
data obtained from the fading emulator whereas the broken lines show the 
estimated values of K-factor, shown in Table 4.1 and 4.2, which are 
calculated from I-zero response. As can be seen, the measured data agree 
well with the estimated values of K-factor both in positions A-B and A-C, 
indicating that the method of estimating the K-factor using measured results 
of Pd and E[Pr] is correct. It can also be seen that when the K-factor is 
negative, such as the case where the angle of the left arm is 15° as shown in 
Fig. 4.18 (b), the CDF curve coincides with the Rayleigh distribution. This is 
attributed to the fact that when the position of two dipole antennas is 
changed from A-B to A-C, a longer link distance results in an obvious 
increase of the path loss as shown in Fig. 4.11, leading to a significant 
degradation of K-values due to a large reduction of the direct wave compared 
with the multipath components. 
Based on the extensive investigations mentioned above, the proposed 
method of calibrating the fading emulator is confirmed to be valid. This 
method can be used for BAN-OTA testing to realize the actual radio wave 
propagation scenarios such as for dynamic characteristics attributed to 
human motion. 
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(a)                               (b) 
Fig. 4.18 CDF variations measured using the fading emulator for different 
angles of the left arm: (a) position A-B, (b) position A-C 
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4.5 Experiment When Phantom is Walking  
After the proposed calibration method is verified, an experiment to realize 
the actual Rice channel in the developed fading emulator with continuous 
human walking motion has been conducted, as presented in this section. 
Fig. 4.19 shows the top view of the BAN fading emulator, as introduced in 
Fig. 4.2. The dynamic phantom placed at the center is controlled by a 
computer and can swing both the arms. In addition, 7 scattering half-
wavelength sleeve dipole antennas at 950 MHz with radio wave absorbers 
behind them can create Rayleigh fading signals by varying the phases and 
amplitudes in the control circuit of the fading emulator. The receiving dipole 
antenna is fixed at position A, and the transmitting dipole antennas are 
mounted at positions B and C, in the same manner shown in Fig. 4.9.  
After the K-factor (with values 18 dB and 5 dB), shown in Fig. 4.16, is 
calibrated at the reference position where the left arm is at 15°, as described 
in Sect. 4.4, the experiment can be conducted using the fading emulator for 
a continuous arm-swinging motion. The left arm was varied from 15° to 40° 
and back to 15° while the right arm was changed from 40° to –15° and back 
to 40° simultaneously in the opposite direction based on the statistical 
measurements on the actual human walking motion using real test persons 
[56]. The speed of arm-swing motion is 20 seconds per cycle. On the other 
hand, the measurement time of the fading emulator is 260 seconds. 
Therefore, the arms need to swing continuously for 13 cycles to fit the 
measurement time. 
Furthermore, a Monte Carlo simulation based on the proposed analytical 
Rice channel model, mentioned in Sect. 4.3, has been carried out. The 
method of analyzing the combined effects of shadowing-fading is explained 
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in detail in [38] [56]. The phantom walks at a stride length of 60 cm. Two 
strides, equivalent to a two-way swing, are equal to 120 cm, corresponding 
to 1 cycle of arm-swinging motion. Therefore, during the 13 cycles of arm-
swinging motion, the moving distance can be calculated as 1560 cm, which 
is about 49 wavelengths at 950 MHz. The number of snapshots is set to be 
100 samples per wavelength. The XPR is set to be 50 dB, which means that 
the polarization is assumed to be vertical because only the vertical 
polarization of the dipole antennas is used in the fading emulator. The values 
of the initial phases and angle of direction of motion are set the same as those 
of the actual setup of the fading emulator. The results are analyzed as follows. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.19 Top view of the BAN fading emulator with the arm-swinging 
dynamic phantom 
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Figs. 4.20 (a) and (c) (shown by the black curve) illustrate the results of 
instantaneous response measured in the fading emulator for a walking 
distance of 50 wavelengths at 950 MHz when the dipole antennas are located 
at positions A-B and A-C, as shown in Fig. 4.9. Further, Figs. 4.20 (b) and (d) 
(shown by the red curve) illustrate the analytical results using the Monte 
Carlo simulation. 
As can be seen in Figs. 4.20 (a) and (b), in situation A-B, the distance 
between the transmitting and receiving antennas is small, but Pd is strong 
enough to enable all the K-factors to be maintained at a high level even after 
being affected by the shadowing effects caused by arm-swinging motion, as 
can be inferred in Table 4.1. However, in situation A-C, shown with Figs. 
4.20 (c) and (d), because Pd almost disappears, as can be inferred by Fig. 4.11, 
the received signal level is mainly contributed by the multipath radio wave 
components leading to a significant variation of received signals, as shown 
in the instantaneous response plot. 
Fig. 4.21 shows the CDF characteristics of the combined signals when the 
phantom walks at a strike length of 60 cm during the 13 cycles of arm-
swinging motion. The profile with symbol ○ shows the measured results 
obtained from the fading emulator corresponding to Figs. 4.19 (a) and (c) 
whereas the dotted curve with symbol △ indicates the analytical outcome 
calculated by Monte Carlo simulation corresponding to Figs. 4.20 (b) and (d). 
The theoretical Rayleigh response curve is illustrated with the solid line in 
the graph. We can see from Fig. 4.21 that for both the antenna positions, A-
B and A-C, the measured results agree well with the analytical outcome 
indicating that the Rice channel of BAN on-body situation considering 
human dynamic characteristics can be realized using the developed fading 
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emulator, which is extremely useful for evaluating actual BAN radio 
modules in BAN-OTA testing. 
 
 
 
 
 
 
 
 
 
 
(a) Measured results of instantaneous response at position of A-B 
 
 
 
 
 
 
 
 
 
 
(b) Analytical results of instantaneous response at position of A-B 
Fig. 4.20 Measured and analytical results of instantaneous response 
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(c) Measured results of instantaneous response at position of A-C 
 
 
 
 
 
 
 
 
 
 
(d) Analytical results of instantaneous response at position of A-C 
Fig. 4.20 Measured and analytical results of instantaneous response 
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(a) CDF of position A-B, 
 
 
 
 
 
 
 
 
 
 
 
(b) CDF of position A-C 
Fig. 4.21 Measured and analytical results of CDF characteristics 
 
-40 -30 -20 -10 0 10
-4
-3.5
-3
-2.5
-2
-1.5
-1
-0.5
0
CDF Characteristics
P dB
lo
g
 P
o
w
er
<
P
 d
B
 
 
Measurement
Simulation
Rayleigh
A-B
-40 -30 -20 -10 0 10
-4
-3.5
-3
-2.5
-2
-1.5
-1
-0.5
0
CDF Characteristics
P dB
lo
g
 P
o
w
er
<
P
 d
B
 
 
Measurement
Simulation
Rayleigh
A-C
 111 
 
4.6 Conclusion 
This study presents a new methodology for BAN-OTA testing using a 
developed fading emulator with a dynamic phantom. Providing the fading 
emulator with an appropriate K-factor that can represent the actual 
propagation environment indoors is essential. In addition, an 
implementation of Rice channel to the developed fading emulator in the BAN 
situation is presented. Then, a method of calibration where the attenuators 
in the fading emulator are adjusted to achieve the actual K-factor values of 
the on-body Rice channel is advanced, which is confirmed by analyzing the 
variation of instantaneous K-factor for each angle of the arm. Finally, an 
experiment was conducted on the fading emulator when the human phantom 
is walking with a continuous arm-swinging motion. The results show that 
using the proposed fading emulator, the actual Rice channel propagation 
environment considering dynamic characteristics of human walking motion 
can be realized in BAN-OTA testing. The aim is to realize a BAN-OTA 
apparatus that can assess the communication quality of commercially 
available BAN radio modules for on-body communication considering human 
dynamic characteristics. This will be address in future studies. 
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5. Three-Dimensional Channel 
Model 
 
5.1 Introduction 
The development of simple and appropriate OTA testing apparatus for 
mobile terminals with a MIMO system is indispensable to the success of 
upcoming LTE-Advanced and 5G cellular systems [74-79]. As illustrated in 
Chapter 1, the method of OTA testing can be classified into two categories: 
the reverberation chamber and the spatial fading emulator. Several studies 
for OTA evaluation using the reverberation chamber have been reported [80-
84]. These studies examine a simple structure for an OTA apparatus at low 
cost. However, the apparatus has some drawbacks in terms of difficulties in 
controlling the angular spread of incident waves and the XPR, and in 
generating cluster and uniform spectra environments because all of the 
reflected waves coming from one signal source are uncontrolled. 
A fading emulator is one of the other solutions to directly producing a radio 
multipath environment with high controllability and high accuracy [17] [28] 
[85] [86]. In the literatures [17] [28], a spatial fading emulator was 
successfully implemented to evaluate the channel capacity of MIMO 
antennas. The fading emulator is created based on a two-dimensional 
channel model in which incident waves coming from a base station are 
confined to a horizontal plane. Hence, in the apparatus, a number of 
uncorrelated waves that ensure parallel transmission using MIMO 
streaming channels exist only in the azimuth angles. This means that a 
vertically aligned MIMO array cannot be evaluated using a conventional 
fading emulator [17] because adjacent elements in the array located in the 
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vertical direction exhibit a unity correlation owing to an absence of 
uncorrelated incident waves in the elevation angles. This eventually 
degrades the channel capacity.  
In future MIMO standardization, a MIMO array implemented in a 
handset is anticipated to be in commercial use in a system with an increasing 
number of array elements, such as 4 × 4 and 8 × 8 MIMO systems to achieve 
gigabit high-speed communications. Thus, the evaluation of a MIMO 
antenna arranged in the column direction is necessary because a two-
dimensional array is advantageous for multi-element compactness. 
Another important topic is the diversity of applications. An eight-element 
MIMO antenna mounted on the wrist for the purpose of gigabit transmission 
of wearable applications in body area networks (BANs) has been studied [87], 
as shown in Fig. 5.1 (a). Wearable antennas have a remarkable feature 
different from conventional antennas used in cellular handsets: their 
directions mounted on the human body cannot be determined as a specific 
value, which means that a MIMO antenna fabricated as a linear array 
located horizontally may change as a vertical array at the time of a practical 
use. Fig. 5.1 (b) shows a 2-element MIMO array in free space while Figs. 5.1 
(c) and (d) shows the analytical results of correlation characteristics and 
channel capacity at 2 GHz using a conventional 2-dimensional analytical 
model, when the inclination angle of the antenna a in Fig. 5.1 (b) is changed 
from 90º to 90º. The results show that the 2-dimensional analytical model 
cannot be applied for the assessment of wearable MIMO antenna due to the 
rotation of MIMO array caused by a specific use scenario of operator. In order 
to evaluate the vertically arranged MIMO array antenna, a three-
dimensional OTA test method needs to be developed. 
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In previous research, several methods for 3D-OTA assessment have been 
proposed [88-90]. Previous literature [90] provides an analytical model for 
the assessment of a 3D spatial channel emulator for OTA tests, where the 
impact of the installation range and interval of probe rings on the spatial 
correlation characteristics between reception points is presented. However, 
the variation of MIMO channel capacity caused by different scatterers 
arrangement is not analyzed. Further, the index for designing an OTA 
apparatus considering multipath environments and DUT array elements is 
not advanced. 
This study presents a new methodology of the OTA assessment for 
vertically arranged MIMO array antennas. Particular emphasis is placed on 
how well handset MIMO antennas with a vertically arranged structure are 
characterized using the limited number of scatterers implemented in a 
fading emulator [91]. First we studied the mechanism of the arrangement of 
scatterers on the variation of channel responses using a proposed three-
dimensional analytical model. It is shown that the condition of a 3D-OTA 
with the prescribed parameters allows the correlation to be reduced, which 
permits the channel capacity to increase in the same manner that sufficient 
scatterers are distributed over the entire solid angle. Then the appropriate 
scatterers arrangement for a 3D-OTA instrument considering the number of 
DUT antenna elements and multipath characteristics is investigated. The 
analytical results show that a suitable scatterers arrangement can be 
determined for various conditions of multipath environments and numbers 
of array elements, and that the arrangement can be employed for designing 
an actual 3D-OTA apparatus. 
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Fig. 5.1 3D channel model for wearable MIMO antenna (a) 8x8 element 
wearable MIMO (b) 2x2 MIMO (c) Correlation (d) Channel capacity 
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5.2 3D-OTA Channel Model for Vertical MIMO Array 
In previous studies of MIMO-OTA testing [17] [28], it was determined that 
the array elements of a DUT antenna arranged in the row direction is related 
to the scatterers placed in the azimuth direction. Therefore, in this paper, we 
focus on a discussion of the scatterers arrangement in the elevation direction, 
which is related to the array elements arranged in the column direction. 
Fig. 5.2 shows the three-dimensional channel model for assessing a 
vertically arranged MIMO array antenna. In Fig. 5.2 (a), the MIMO antenna 
with N-element is arranged in one column in the z-direction, which is 
comprised of vertically oriented half-wavelength dipole antennas. The 
antenna element spacing ds is set to 9 cm, while the frequency for the 
analysis is 2 GHz. The radiation characteristics of each element are 
calculated using the method of moments [92]. 
In Fig. 5.2 (b), the vertically arranged MIMO antenna shown in Fig. 5.2 
(a) is located at the center of the channel model where a number of scatterers 
are distributed in space in a three-dimensional manner. The angular power 
distribution of the incident wave in the channel model is assumed to be a 
uniform in azimuth and a Gaussian in elevation [92], where ms represents 
the average elevation angle of the incident wave, and s signifies the 
standard deviation. In the elevation direction, the scatterers used in an 
actual fading emulator are distributed within a limited angular range 
between pl and ph in a symmetrical manner with respect to ms. The number 
of scatterers is set to nh in azimuth and nv in elevation at an equal interval. 
The phase of the radio waves from each scatterer is randomly distributed to 
realize the uncorrelated condition among all paths between the scatterers 
and the array elements. 
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Fig. 5.3 shows an example of the incident wave distribution and the 
scatterers arrangement in an OTA apparatus. The red circles indicate the 
scatterers placement. Figs. 5.3 (a) and (b) show the scatterers arrangement 
in the azimuth and elevation directions, respectively. The average elevation 
angle ms = 20º, and the standard deviation of incident waves s = 20º. The 
number of scatterers is set to nh = 7 in azimuth and nv = 5 in elevation. Five 
scatterers in the elevation direction are arranged from pl = 10º to ph = 50º, 
indicating that Da = phpl = 60º, where Da is defined as the separation 
between ph and pl shown in Fig. 5.3 (b). 
In order to obtain useful knowledge of the required conditions of a 3D-OTA 
channel model, we focus on the key parameters of ph, pl, nv, ms, s, and N, 
which may determine the channel capacity of MIMO array antennas, as will 
be presented in Sect. 5.4. 
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(a) Vertical MIMO array antenna 
 
 
 
 
 
 
 
 
 
 
 
(b) Analytical channel model 
Fig. 5.2 Three-dimensional channel model for OTA assessment of 
vertically arranged MIMO array antenna 
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Fig. 5.3 Incident wave distribution and scatterers arrangement  
ph = 50º, pl = 10º, nv = 5, nh = 7 
(a) Azimuth (b) Elevation 
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5.3 Analytical Method 
In the literature [17], the authors investigated the radius of a two-
dimensional fading emulator in a cluster environment in which incident 
waves with a small angular spread exist in the azimuth direction. To do this, 
they analyzed the average received power ratio between two MIMO antenna 
elements. Their investigation corresponds to the scenario where the incident 
waves of the three-dimensional channel model, described in Fig. 5.2, have a 
small angular spread in the elevation direction. Hence, we can estimate the 
required radius of the 3D-OTA apparatus discussed in this paper on the basis 
of the outcomes given in [17]. The estimation results show that the error of 
the received power can be suppressed within 1 dB when the radius is larger 
than 1.0 m, 1.5 m, and 2.0 m at 2 GHz, where the element spacing between 
the two quasi-dipole arrays is less than 10 cm, 17 cm, and 30 cm, respectively 
(see Fig. 9 in [17]). 
These element spacings correspond to the total array size when N = 2, 3, 
and 4 for the MIMO array antenna illustrated in Fig. 5.2 (a), where the total 
array size is defined as the distance between the exciting port of element #1 
and that of element #N. From the quantitative relationship between the 
radius and the element spacing, the required radius for the array with N = 
8 (total array size of 60 cm) is estimated to be 2.8 m by means of the 
extrapolation method. On the basis of this knowledge, the analysis hereafter 
is performed under the condition that the criterion for the radius of the 
emulator mentioned above is satisfied, which results in a situation where 
incoming waves emitted from the emulator scatterers arriving at a DUT 
terminal can be assumed to be plane waves [90]. 
Fig. 5.4 (a) shows the channel model of an M × N MIMO system in a three-
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dimensional scatterers arrangement, in which the MIMO array at the MS 
side is arranged in the vertical direction [93]. The number of array elements 
in a base station (BS) and a handset antenna are defined as M and N, 
respectively. In this paper, an NLOS situation between the base station and 
terminal antenna is assumed. M BS antennas create a set of M uncorrelated 
waves where each wave comprises Km scatterers as shown in Fig. 5.4 (a), 
which surround N handset antennas, constructing second-wave sources 
around the moving terminal. Thus, M uncorrelated waves are subject to 
independent identically distributed (i.i.d.) complex Gaussian processes. Note 
that Km scatterers share M waves coming from M BS antennas, but the 
uncorrelated conditions among the M waves is achieved by giving random 
phases to the scatterers [93]. Fig. 5.4 (b) shows the coordinate of the k-th 
scatterer with the handset moving toward the azimuth direction fv. The 
multipath property modeled by the angular power spectrum. The spectrum 
is uniform in azimuth and Gaussian in elevation as shown below: 
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where XPR is the cross-polarization power ratio. mV and mH are the mean 
angles of the  and f-component elevational power spectra, as shown in Fig. 
5.4 (c). V and H are the standard deviations of the  and f-component 
elevational power spectra. A and Af are the normalization constants to 
satisfy 
XPR
XPR
dP

 1
),( f                                 
XPR
dP

 1
1
),( ff                            (5.3) 
  1),(),(  dPP ff f                              
In this work, the same parameters are used for the incident waves, which 
means that mV = mH = ms, V = H = s. 
In the Monte Carlo simulation, as a similar procedure to Eqs. (4.1) and 
(4.2), it can be assumed that k-th path has the transfer functions of vertical 
and horizontal components, hVn and hHn, as illustrated in Fig. 5.4 (d). Then, 
the transfer functions of the k-th path at the n-th antenna of two components 
are expressed as 
 mkmkmkkknmk jEh
XPR
XPR
h ,V,,m,,V exp),(
1
f

         (5.4) 
 mkmkmkkknmk jEh
XPR
h ,H,,m,,H exp),(
1
1
ff

         (5.5) 
As a complex sum of the vertical and horizontal components 
nmHknmVknmk hhh ,,,                                  (5.6) 
Thus, the resultant channel response of the n-th handset antennas can be 
expressed as the sum of the Km paths under the nearby m-th scatterers 
groups, as follows: 
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
 






mK
k
mkvmknmknm
d
jhh
1
,,, )sin()cos(
2
exp ff


        (5.7) 
where  is the carrier wavelength in free space, and d is the distance 
travelled by the handset antenna toward the azimuth direction fv shown in 
Fig. 5.4 (b). 
hk,nm in Eq. (5.7) is determined by the combination of the complex electric 
field directivity of the antenna element for theandf-polarization 
components, as shown in Eq. (5.6), which can be calculated by the method of 
moments. Hence, we can analyze an arbitrary DUT antenna by replacing 
hk,nm in Eq. (5.7) in accordance with the type of antenna to be investigated 
[68], indicating that the DUT antenna shown in Fig. 5.2 (a) is separated from 
the channel model illustrated in Fig. 5.2 (b). This means that the three-
dimensional channel model presented in this paper possesses broad 
generalities in analyzing 3D-OTA responses of different types of DUT 
antennas treated in this article. The phases of different polarization 
components are independent of each other to realize the uncorrelated 
characteristics among all the paths between the scatterers and handset 
antennas. 
hnm in Eq. (5.7) indicates the channel response between the m-th base 
station antennas and n-th terminal antennas. Therefore, the channel 
response of the arrays at the s-th snapshots can be calculated by the 
following matrix: 
 













NM2N1N
M22221
M11211
hhh
hhh
hhh
hnms




H
                  (5.8) 
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(a) Channel model of an M × N MIMO 
 
 
 
 
 
 
 
 
 
(b) Coordinate of scatterers 
Fig. 5.4 Radio propagation 3D model  
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(c) Incident wave model in elevation direction  
 
 
 
 
 
 
 
 
 
 
 
 
(d) Transfer functions of vertical and horizontal components  
Fig. 5.4 Radio propagation 3D model 
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The eigenvalues i are obtained based on the singular value decomposition 
derived from Eq. (5.8), as expressed below: 
H
ssss VDUH                                    (5.9) 
 L1 ,, rrs ee U                                (5.10) 
 L1 ,, tts ee V                                 (5.11) 
 L1 ,,diag  sD                         (5.12) 
Using the above-mentioned formulas, the obtained eigenvalues i can be 
used to infer the instantaneous Shannon capacity (without feedback) in the 
s-th snapshots as follows: 







 M
C i
L
i
s

1log
1
2    [bits/s/Hz]               (5.13) 
where L = min (N, M), and  denotes the input signal-to-noise ratio (SNR). 
Here, the SNR is defined as an average value of instantaneous SNRs when 
an isotropic antenna (antenna gain is 0 dBi) is used for receiving the 
coherent incident waves with vertical polarization (XPR = ∞), which are 
assumed to be radiated from a single antenna at the base station. The 
analysis is executed successively until the handset antenna arrives at the 
end point of the moving direction. The average value of the channel capacity 
when the terminal antenna moving in a distance can be obtained by the 
following equation: 



S
s
sC
S
C
1
1
                                  (5.14) 
where S signifies the number of samples. 
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5.4 Analytical Results 
Based on the channel model and analytical method mentioned in Sects. 5.2 
and 5.3, some analyses for 3D-OTA tests are carried out. We focus on two 
viewpoints: mechanism analysis and determination of scatterers 
arrangement, which are presented in Sects 5.4.1 and 5.4.2, respectively. 
 
5.4.1 Mechanism Analysis 
Fig. 5.5 shows the cumulative distribution function (CDF) of the eigenvalue 
and channel capacity of a 4 × 4 MIMO antenna in the vertically arranged 
array configuration, as shown in Fig. 5.2. 
In Fig. 5.5 (b), the curves shown on the left side indicate the single-input 
single-output (SISO) channel capacity, while the black curve on the right side 
shows the MIMO channel capacity. The symbols Cmimo and Csiso drawn in the 
figure indicate the calculated values of MIMO and SISO channel capacity, 
respectively. A vertically polarized incident wave with an SNR of 30 dB is 
considered. The average elevation angle is assumed to be ms = 20º with an 
angular spread of s = 20º. The scatterers are distributed with the 
parameters of ph = 90º, pl = 90º, nv = 37, and nh = 30. Hence, the total 
amount of 1,110 scatterers is arranged in the entire space.  
As shown in Fig. 5.5, dense eigenvalues and a large capacity are observed 
when distributing a large number of scatterers over the entire solid angle. 
The 4 × 4 MIMO achieves a large channel capacity of 36.1 bits/s/Hz, which 
is equivalent to a channel capacity of 3.6 Gbps when a 100-MHz bandwidth 
is considered. 
Fig. 5.6 shows the CDF of the eigenvalue and channel capacity when ph = 
25º, pl = 15º (Da = ph pl = 10º), nv = 5, and nh = 7. The average elevation 
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angle is assumed to be ms = 20º with an angular spread of s = 20º. As shown 
in Fig. 5.6, sparse eigenvalues and a small capacity are given when 
distributing a small number of scatterers over a small angular range. The 
eigenvalue has a sparse distribution, which is different from that in Fig. 5.5. 
Specifically, compared with the first and second eigenvalues, the third 
eigenvalue is 1/100 or less, while the fourth eigenvalue cannot even be 
observed on the graph. This yields a small channel capacity of 24.1 bits/s/Hz. 
The abovementioned phenomenon seen in Fig. 5.5 and Fig. 5.6 can be 
understood very clearly by considering the correlation coefficient. Table 5.1 
shows the correlation coefficient between the i -th and j -th elements, where 
the element index is defined in Fig. 5.2 (a). Tables 5.1 (a) and (b) show the 
analytical results corresponding to the key parameters described in Fig. 5.5 
and Fig. 5.6, respectively.  
We can find a small correlation of less than 0.66 in Table 5.1 (a) 
throughout the entire results. By contrast, Table 5.1 (b) indicates that the 
correlation between the two elements aligned in column is higher than 0.9. 
This fact provides a physical picture for explaining why Fig. 5.6 (a) shows a 
sparse eigenvalue. It also indicates that, if the angular range of the 
scatterers is confined to a narrow angle such as Da= 10º, the OTA 
assessment cannot be carried out. Therefore, the angular range of the 
scatterers needs to be extended. 
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(a) CDF of Eigenvalue  
 
 
 
 
 
 
 
 
 
 
(b) CDF of Channel Capacity 
Fig. 5.5 Eigenvalue and channel capacity of the 4 × 4 MIMO array 
(ph = 90º, pl = 90º, nv = 37, nh = 30) 
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(a) CDF of Eigenvalue  
 
 
 
 
 
 
 
 
 
 
(b) CDF of Channel Capacity 
Fig. 5.6 Eigenvalue and channel capacity of the 4 × 4 MIMO array 
(ph = 25º, pl = 15º, nv = 5, nh = 7) 
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Table 5.1 Absolutes of complex correlation coefficient  
between elements 
 
(a) ph = 90 deg, pl = 90 deg, nv = 37, nh = 30 
 
 
 
 
 
 
(b) ph = 25 deg, pl = 15 deg, nv = 5, nh = 7 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
j = 1 j = 2 j = 3 j = 4
i = 1 1.00 0.54 0.22 0.29
i = 2 0.54 1.00 0.66 0.19
i = 3 0.22 0.66 1.00 0.55
i = 4 0.29 0.19 0.55 1.00
j = 1 j = 2 j = 3 j = 4
i = 1 1.00 0.97 0.89 0.78
i = 2 0.97 1.00 0.97 0.90
i = 3 0.89 0.97 1.00 0.98
i = 4 0.78 0.90 0.98 1.00
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Fig. 5.7 shows the eigenvalue and channel capacity when ph = 50º, pl = 
10º (Da = 60º), nv = 5, and nh = 7. The average elevation angle is set to ms 
= 20º with an angular spread ofs = 20º. In Fig. 5.7, we have dense 
distribution of the eigenvalues, resulting in a large capacity of 35.1 bits/s/Hz, 
which is very close to the idealized value in Fig. 5.5. Thus, the limited 
number of scatterers of the 3D-OTA apparatus has a good ability to assess a 
vertically arranged MIMO array antenna. 
Table 5.2 shows the correlation coefficients corresponding to the 
parameters described in Fig. 5.7. As shown in Table 5.2, we have very small 
correlations between the elements aligned in the vertical direction, which is 
the same behavior that was observed in Table 5.1 (a). This supports the 
hypothesis that correlations are reduced owing to uncorrelated waves in the 
vertical plane. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 133 
 
 
 
 
 
 
 
 
 
 
 
(a) CDF of Eigenvalue  
 
 
 
 
 
 
 
 
 
 
(b) CDF of Channel Capacity 
Fig. 5.7 Eigenvalue and channel capacity of the 4 × 4 MIMO array 
(ph = 50º, pl = 10º, nv = 5, nh = 7) 
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Table 5.2 Absolutes of complex correlation coefficient 
between elements 
 
ph = 50 deg, pl = 10 deg, nv = 5, nh = 7 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
j = 1 j = 2 j = 3 j = 4
i = 1 1.00 0.63 0.13 0.06
i = 2 0.63 1.00 0.64 0.10
i = 3 0.13 0.64 1.00 0.60
i = 4 0.06 0.10 0.60 1.00
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Fig. 5.8 shows the average channel capacity as a function of the angular 
region of scatterers, defined asDa = phpl, as shown in Fig. 5.3 (b), with the 
number of scatterers nv as parameters when the number of vertical arrays 
N = 4. The average elevation angle is set to ms = 20º with an angular spread 
of s = 20º.  
In Fig. 5.8, it can be seen that Daof 80º with nv = 5 or 7 is found to be 
suitable for 3D-OTA, as shown by position P2, because almost the same 
performance can be achieved as that observed when distributing over the 
entire solid angle, as indicated by the diamond-shaped symbol plotted on the 
right axis. 
However, considering practicability and cost of manufacture, the size of 
the instruments needs to be as small as possible. Therefore, nv = 3 withDaof 
50º is another choice for the realization of an OTA apparatus, as shown by 
position P1 in Fig. 5.8, because 89.8 % of the target value of the channel 
capacity can be obtained there. 
Since in this paper we focus on the scatterers arrangement in the 
elevation direction, nv = 3, 5, and 7 have been investigated as key 
parameters. Here, only odd numbers are used because the scatterer is 
required at the peak position of the Gaussian distribution in the elevation 
direction, as shown in Fig. 5.3 (b). Further, the odd number of scatterers is 
suitable for the symmetrical arrangement on the left and right sides of the 
peak position. 
On the other hand, the number of scatterers in the azimuth direction nh 
is fixed at seven. The reason is that in a two-dimensional channel model, the 
sum of more than six or seven waves is sufficient to realize the Rayleigh 
distribution in the azimuth direction [50]. 
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The SNR is set to 30 dB. The diamond mark on the right axis in Fig. 5.8 
indicates the average channel capacity value calculated with the parameters 
of ph = 90º, pl = 90º, nv = 37, and nh = 30, which means that a total of 1,110 
scatterers are arranged throughout the entire space, as shown in Fig. 5.5. 
Hence, the goal of the OTA apparatus development is to obtain a capacity 
that is close to the value analyzed based on these parameters. 
Additionally, MIMO channel capacity may be changed when a different 
number of DUT antenna arrays N is employed in different multipath 
environments, such as various ms and s. Thus, the multipath characteristics 
and the number of arrays need to be considered as the parameters for 
determining an appropriate scatterers arrangement (nv, Da) in the design of 
an OTA apparatus, as will be introduced in Sect. 5.4.2. 
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Fig. 5.8 Channel capacity vs. number of scatterers and angular region 
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5.4.2 Determination of Scatterers Arrangement 
Since the idealized value of the channel capacity may be changed because of 
different conditions (N, ms, or s), in order to describe the effective degree to 
which the MIMO channel capacity is evaluated, we define the channel 
capacity ratio rc, which indicates the percentage of the channel capacity as 
compared with the target value, as follows: 
  
t
c
C
C
r                                         (5.15) 
where C  indicates the average channel capacity calculated using Eq. (5.14), 
while 
rC  indicates the idealized value calculated with the parameters of ph 
= 90º, pl =90º, nv = 37, and nh = 30, as shown in Fig. 5.5. 
Fig. 5.9 shows the variations in the channel capacity ratio rc when the 
number of arrays N is increased from 2 to 8 considering s, ms, and Da = ph 
pl as parameters. nh is 7, while the SNR is set to 30 dB with XPR = 50 dB. 
Figs. 5.9 (a) and (b) represent the two cases when nv = 3 and 5, respectively. 
In Fig. 5.9, the angular spread s is set to 10º, 20º, and 30º. The figures (1) 
(2) (3) on the left side indicate when ms = 20º, while the figures (4) (5) (6) on 
the right side indicate the case of ms = 40º. These are selected as examples 
that represent the general characteristics of incident waves in the elevation 
direction in multipath environments in an urban macro cellular 
environment [44]. The results rc calculated by Eq. (5.15) are represented by 
symbol ●. Based on these data, the approximate curved surfaces are created 
using the least-mean-square (LMS) method. 
In Fig. 5.9, an obvious fluctuation of rc is observed owing to various s and 
ms. Thus, the suitable scatterers arrangement (nv, Da) based on the desired 
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(s, ms) for evaluating different numbers of array N needs to be determined. 
The useful information from the raw data in Fig. 5.9 will be abstracted and 
reorganized. 
As shown in Figs. 5.9 (a) - (1) and (4), nv = 3 is sufficient to evaluate the 
array with N = 2 because more than 80 % of channel capacity ratio rc is 
obtained in most part of entire data. However, with the number of arrays N 
increasing from 2 to 8, a significant reduction of the entire rc can be observed. 
In particular, when N = 8, as shown in Figs. 5.9 (a) - (3) and (6), the entire 
rc are almost less than 60 %, indicating that the number of scatterers nv = 3 
is not sufficient to evaluate the MIMO array with a large number of elements 
arranged in the vertical direction. Thus, nv needs to be increased for the case 
when N is very large. 
In Fig. 5.9 (b), when nv = 5 is used, the entire rc are increased compared 
with the rc for nv = 3 in Fig. 5.9 (a) even when N = 8. This indicates that nv 
= 5 is necessary to ensure the evaluation of the channel capacity when N = 
8. 
However, Figs. 5.9 (a) - (1), (a) - (2), and (b) - (3) show that rc can be 
maintained at a high level only when Da is fixed in a certain range, as shown 
by the vertical dotted arrows. Thus, an appropriate scatterers 
arrangementDaneeds to be determined for different conditions. The 
mechanism was illustrated in Sect. 5.4.1, where the positions of P1 and P2 
in Fig. 5.8 can be found in Figs. 5.9 (a) - (2) and (b) - (2), respectively. 
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(a) nv = 3 
Fig. 5.9 Channel capacity ratio vs. number of array elements and scatterers 
angular region 
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(b) nv = 5 
Fig. 5.9 Channel capacity ratio vs. number of array elements and scatterers 
angular region 
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Table 5.3 shows how to determine the appropriate scatterers arrangement 
(nv, Da) using the data of channel capacity ratio rc exhibited in Fig. 5.8 in 
different situations of s when ms = 20º. Tables 5.3 (a), (b), and (c) list three 
cases: N = 2 and nv = 3, N = 4 and nv = 3, and N = 8 and nv = 5. These 
correspond to Figs. 5.9 (a) - (1), (a) - (2), and (b) - (3), which are determined 
in order to cover the optimum (nv,Da) considering the possibility and 
commonality in different conditions of N ands. 
In Table 5.3 (a) where N = 2 and nv = 3, a large range ofDafrom 10º to 60º 
can be selected because more than 80 % of rc is obtained in any case of s 
corresponding to Fig. 5.9 (a) - (1). However, in Table 5.3 (b) where N = 4 and 
nv = 3,Dawhere the channel capacity is evaluated with more than 80 % of 
rc is reduced to a range from 30º to 50º. Moreover, in Table 5.3 (c) where N = 
8 and nv = 5, the optionalDais changed to a range from 50º to 70º. These 
appropriate ranges ofDaare indicated by the dotted boxes in Table 5.3, 
which correspond to the separation of the vertical dotted arrows in Fig. 5.9. 
As mentioned in Fig. 5.8, considering the manufacture of the actual OTA 
assessment apparatus, the number of scatterers in the elevation direction nv 
needs to be as small as possible. Moreover, the scatterers angular region 
Dais also anticipated to be smaller as possible to reduce the size of the device. 
In addition, it is convenient for the design of the actual apparatus if the 
scatterers angular regionDais fixed at a certain value. 
Thus, it can be concluded thatDa= 50º is the most suitable scatterers 
arrangement, because in any conditions of N and s, at least 80 % of the 
channel capacity ratio can be achieved even when N is increased to 8, as 
shown by the horizontal arrow in Table 5.3. In Fig. 5.9, it can be seen that 
whenDais fixed at 50º, as indicated by the two-way arrows, rc is maintained 
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at the mountain ridge of the approximate curved surfaces in each case of s. 
This indicates that a valid proposed scatterers arrangement hasDa= 50º. 
Fig. 5.10 shows the channel capacity ratio rc as a function of nv and s 
when Da = 50º. Figs. 5.10 (a) and (b) show the cases when ms = 20º and 40º, 
respectively. The solid curve shows that nv = 3, while the dotted line shows 
that nv = 5. The curve with symbols ■, ●, and ▲ indicates the case when s 
= 10º, 20º, and 30º, respectively. 
In Fig. 5.10 (a), it can be seen that when Da is fixed at 50°, if N is less than 
4, nv = 3 is sufficient to evaluate the channel capacity because these 
parameters can yield an rc of more than 80 %. However, if a large number of 
array elements such as N = 8 is used, nv = 5 is needed to ensure an rc of more 
than 80 %. 
Furthermore, when a high incident wave angle ms = 40º is considered as 
shown in Fig. 5.10 (b), nv = 5 withDa= 50º is found to be necessary for 
evaluating the case when N = 8. This conclusion can be observed in Fig. 5.9 
(b) - (6), where the two-way arrow representing the position ofDa= 50º 
passes through the mountain ridge of the approximate curved surface when 
N = 8 with ms = 40º and various s. 
It can be concluded from the above investigations that when the number 
of DUT antenna arrays N is less than 4, nv = 3 is adequate to realize a 3D-
OTA assessment, while if N is increased to 8, nv = 5 is necessary. Further, it 
is found thatDa= 50º is the optimum parameter for a convenient apparatus 
design because the scatterers can be fixed in each case of ms = 20º and 40º. 
Since a small-cell era is coming for future wireless communication 
systems, the approach between the mobile terminal and base station will 
lead to variations in the ms and s of incident waves in the elevation direction, 
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while the number of arrays N will be increased to realize ultra-high-capacity. 
The proposed scatterers arrangement (nv,Da) for a 3D-OTA apparatus can 
be applied to evaluate the multi-element MIMO antenna in various 
multipath conditions (s, ms) as desired. 
 
 
 
 
 
 
 
 
Table 5.3 Determination of scatterers arrangement (nv, Da) 
for various N and s when ms = 20º 
(a) N = 2, nv = 3 
 
 
 
 
 
 
 
 
 
 
 
10° 20° 30°
10° 87.5% 84.3% 85.7%
20° 96.7% 94.2% 95.2%
30° 98.4% 97.4% 98.4%
40° 97.8% 99.5% 100%
50° 92.4% 99.5% 100%
60° 84.8% 100% 100%
70° 75.5% 100% 100%
80° 67.9% 100% 100%
100° 63.6% 90.6% 100%
120° 63.6% 78.0% 92.6%
140° 63.6% 67.0% 84.7%
s
Da
 145 
 
Table 5.3 Determination of scatterers arrangement (nv, Da) 
for various N and s when ms = 20º 
(b) N = 4, nv = 3 
 
 
 
 
 
 
 
 
 
 
 
(c) N = 8, nv = 5 
 
 
 
 
 
 
 
 
 
 
 
10° 20° 30°
10° 75.5% 66.8% 65.7%
20° 88.4% 78.4% 77.1%
30° 93.7% 84.8% 83.7%
40° 91.5% 86.1% 85.0%
50° 85.0% 89.8% 89.1%
60° 71.5% 84.2% 84.2%
70° 57.4% 85.6% 88.3%
80° 45.5% 80.9% 86.1%
100° 40.4% 63.7% 71.9%
120° 40.4% 49.6% 57.8%
140° 40.4% 42.1% 52.9%
s
Da
10° 20° 30°
10° 59.4% 47.7% 46.3%
20° 74.3% 59.7% 57.9%
30° 86.9% 71.0% 69.0%
40° 90.5% 75.3% 73.2%
50° 91.5% 81.6% 80.0%
60° 90.3% 82.9% 81.0%
70° 80.4% 83.5% 83.2%
80° 63.3% 70.9% 71.2%
100° 63.1% 75.8% 78.4%
120° 47.4% 56.2% 59.6%
140° 40.0% 57.6% 62.1%
s
Da
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(b) 
 
 
 
 
 
Fig. 5.10 Channel capacity ratio vs. the number of array elements and 
scatterers angular region when Da50º: (a) ms = 20º and (b) ms = 40º 
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5.5 Characterization of 2-Dimensional MIMO Array 
As mentioned in Sect. 5.4, the minimum number of probes required in a 
practical apparatus that the number of scatterers in the elevation direction 
nv = 3 is a candidate for the development of OTA apparatus. Based on this 
precondition, the separation of probes in the elevation direction was 
investigated to further minimize an OTA device [94]. Particular emphasis is 
placed on the mutual interactions between the incident wave power 
distribution in the elevation direction and the radiation pattern of terminal 
antenna elements. In this section, a performance analysis of a two-
dimensionally arranged MIMO array antenna is conducted using the 
proposed channel model in Fig. 5.2 (b).  
Fig. 5.11 shows the structure of the two-dimensional MIMO array 
antenna as an extended version from Fig. 5.2 (a), where the MIMO array 
antenna is comprised of vertically-oriented half-wavelength dipole antennas. 
4 elements are arranged in column in the z-direction and 2 elements are 
arranged in row in the y-direction, constructing an 8-element MIMO array 
antenna in the vertical and horizontal arrangement. The vertical and 
horizontal array spacing ds1 and ds2, are set to 9 cm. The frequency for the 
analysis is 2 GHz. 
Fig. 5.12 shows the average channel capacity as a function of the elevation 
probes angular region Da, with the incident waves angular spread, s, as a 
parameter. The probe parameters values of nh = 7 and nv = 3 were chosen. 
The diamond in Fig. 5.12 indicates the target capacity value calculated by 
the same parameters with that in Fig. 5.5, which indicates an idealized 3D-
OTA system. 
As shown by the solid curve with symbol ● in Fig. 5.12, when s is 20°, the 
 148 
 
degradation in channel capacity can be observed in both sides of the 
elevation probes angular region with respect to 50°, as a similar phenomenon 
shown in Fig. 5.8. This may be due to the power variation of incident waves 
in the elevation direction because of a small standard deviation of s = 20°.  
Therefore, we expand the angular spread s from 20° to infinity to 
transform the Gaussian distribution to a uniform distribution to ensure the 
equivalent power of incident waves in the elevation direction. This can 
increase the MIMO channel capacity compared with that at s = 20°, as 
shown by the broken curve with symbol ■ in Fig. 5.12, but the channel 
capacity does not reach the target value as supposed. In order to clarify the 
mechanism responsible for this fact, the mutual effects of the multipath 
propagation environment and antenna radiation characteristics of a MIMO 
antenna to be tested using an OTA apparatus is analyzed. 
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Fig. 5.11 2-by-4 vertically-arranged MIMO array antenna 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5.12 Channel capacity of 2D MIMO antenna as a function of Da with 
incident waves angular spread s as parameters 
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Fig. 5.13 (a) shows the radiation pattern of a half-wavelength dipole 
antenna in the vertical plane with -polarization that is a single unit of the 
8-element MIMO array antenna shown in Fig. 5.11 (a). The analytical 
frequency is 2 GHz. Three incident waves with equivalent power (s = ) are 
assumed coming from the elevation directions. 
As seen in Fig. 5.13 (a), although the power level of the three incident 
waves are the same, the received signal level is different owing to the 
radiation pattern in the vertical plane, as shown by points Q1, Q2, and Q3, 
when the elevation probes angular region is set to 100°. Therefore, when the 
elevation probes angular region increases, the incident waves in the vicinity 
of the ph and pl directions will approach the null position of radiation 
patterns. This degrades the channel capacity owing to a reduction in the 
received signal power, as indicated by the arrow in Fig. 5.12. 
The abovementioned considerations imply that if the MIMO antenna 
shows an omnidirectional radiation pattern in the vertical plane, the channel 
capacity increases. To verify this, a turn-style antenna was used. The turn-
style antenna is comprised of two orthogonally aligned half-wavelength 
dipole antennas in the horizontal plane with 90° out-of-phase excitation, as 
illustrated by an inset in Fig. 5.13 (b). As shown in Fig. 5.13 (b), the turn-
style antenna has an omnidirectional radiation pattern in the zx-plane with 
f-polarization. This suggests that the received signals will have identical 
amplitudes if the f-polarized incident waves follow a uniform distribution, 
as shown by points Q4, Q5, and Q6, as shown in Fig. 5.13 (b). Using the turn-
style antenna, an 8-element MIMO antenna operating at 2 GHz was 
arranged in the same configuration as the vertically-oriented dipole 
antennas shown in Fig. 5.11 to create a quasi-MIMO array for analyzing the 
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channel capacity. 
Fig. 5.14 shows the channel capacity of the 8-element MIMO antennas 
using vertically-oriented dipole antennas and quasi-turn-style antennas as 
a function of the elevation probes angular region. The XPR was set to 50 dB 
in the analysis of the turn-style antenna, implying that only horizontally-
polarized waves were considered. An increased and stable channel capacity 
was observed as shown by the solid curve with symbol ▲ as the scatterers 
angular region increased when the turn-style antenna was used, confirming 
the validity of our presumption. 
The abovementioned phenomena seen in Figs. 5.12 and 5.14 can be 
understood by analyzing the average correlation coefficient, defined as an 
average of the correlation coefficients between elements arranged in the 
longitudinal direction. Fig. 5.15 shows the calculated results. As seen in Fig. 
5.15, when we used the dipole array antennas, the average correlation 
coefficient was decreased significantly when s was increased from 20° to 
infinity, as indicated by the solid curve with symbol ■, which resulted in an 
increased channel capacity corresponding to the analytical results shown in 
Fig. 5.12. An abrupt change in the correlation coefficient, where ph  pl 
approached 80°, denoted by points Q7 and Q8, can be attributed to a 
cancellation phenomenon of incident waves that occurred owing to the 
reverse phase on the opposite sides of the radiation pattern of the dipole 
antenna. This allowed the multipath effects to disappear, leading to the 
abrupt change in the correlation coefficient. 
Further, when the s was set to infinity, the average correlation coefficient 
of the turn-style array was almost the same as that of the dipole array, as 
presented by the solid curve with symbol ▲. This suggests that the stable 
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channel capacity after Da of 50° for the turn-style array was not caused by 
the change in the correlation coefficient, but by an increase in the received 
signal power due to the omnidirectional radiation pattern of the turn-style 
array. This presumption is also supported by the fact that, as seen in Fig. 
5.14, with Da decreasing to less than 50°, the channel capacity of the dipole 
array was larger than that of the turn-style array owing to the directivity of 
the dipole antenna, as indicated by position Q1 in Fig. 5.13 (a) when the 
three incident waves approach the average elevation angle ms. 
Based on the abovementioned considerations, we conclude that the 
variation in the MIMO channel capacity in the 3D-OTA tests was caused by 
the power distribution of incident wave s and the radiation patterns in 
relation to the different types of antennas. These two mechanisms interact 
with each other; therefore, they should be taken into consideration in the 
process of designing the 3D-OTA probe arrangement. 
Specifically, for example, when nv = 3, to test the antenna with irregular 
radiation characteristics such as a dipole antenna, the probes in the 
elevation direction need to be arranged with a large angular separation, such 
as 50 degrees, to ensure a high MIMO channel capacity. On the contrary, if 
the DUT antenna has an omnidirectional radiation pattern in the vertical 
plane, such as a turn-style antenna, the probes in the elevation direction can 
be appropriately arranged with a smaller angular separation, such as 30 
degrees, as shown by the arrow in Fig. 5.14. 
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Fig. 5.13 Radiation pattern with incident waves in the elevation directions  
(a) vertical dipole antenna; (b) turn-style antenna 
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Fig. 5.14 Channel capacity of vertical dipole and turn-style array vs. Da 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5.15 Average correlation coefficient of vertical dipole and turn-style 
array antennas vs. elevation probes angular region Da 
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5.6 Design and Manufacture of 3D-OTA Apparatus 
On the basis of the knowledge obtained from this work, the configuration of 
an OTA apparatus for evaluating a two-dimensional MIMO array antenna is 
designed, as shown in Fig. 5.16. In Fig. 5.16, nv is set to 3 while Da = ph – pl 
is set to 50 degrees in consideration of the miniaturization of an actual OTA 
device. 
As shown in Fig. 5.16, three sets of dipoles are arranged in the 
longitudinal direction. The nv scatterers are integrated as one module for 
the generation of desired incident waves power distribution s in the 
elevation direction controlled by using attenuators. The signal of each path 
is distributed to vertical and horizontal polarization components for the 
realization of XPR. The variable phase shifter module is connected by a 
coaxial cable, which will be used to calculate the channel response of each 
path hnm (see Eq. (5.7)) according to the moving direction and moving 
distance of the terminal by a computer. Therefore, the entire electromagnetic 
waves radiated from the scattering units can be controlled. 
Fig. 5.17 shows the photograph of developed 3D-OTA apparatus based on 
the analytical results presented in this study, where the multi-element 
MIMO array antenna will be mounted on the dynamic human phantom in 
order to realizing the ultra-high-speed communication in future mobile 
medical-healthcare system. This will be addressed as a future work. 
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Fig. 5.16 Configuration of 3D-OTA apparatus for wearable MIMO antenna 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5.17 Photograph of 3D-OTA apparatus with dynamic human phantom 
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5.7 Conclusion 
This paper presents a new methodology of OTA assessment for vertically and 
two-dimensionally arranged MIMO array antennas. The appropriate 
scatterers arrangement considering multipath characteristics and the 
number of DUT antenna elements required for evaluating vertically 
arranged MIMO array antennas has been studied. Useful knowledge has 
been obtained that can be employed in the design of an actual 3D-OTA 
apparatus. 
A great quantity of analytical data for the appropriate scatterers 
arrangement are proposed. The arrangement can be determined based on 
the actual conditions of multipath characteristics and the number of DUT 
antenna elements as desired. A choice of scatterers arrangements such that 
when we test the vertically arranged MIMO array antenna is provided, the 
angular range of 50º is found to be suitable for 3D-OTA testing. Based on this 
investigation, when the number of vertically arranged antenna arrays N is 
less than 4, the number of scatterers nv = 3 is adequate to realize a 3D-OTA 
assessment, while if N is increased to 8, nv = 5 is necessary. 
In the view of the analytical results presented in this study, it is 
anticipated to obtain the optimization of the structure of the OTA device. An 
actual 3D-OTA has been developed using the knowledge obtained in this 
paper [95]. 
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6. Bit-Error-Rate OTA Methodology 
 
6.1 Introduction 
In the upcoming 5G communication system, wearable terminals such as 
watch-type and body-attached devices operated in BAN systems have 
received considerable attention owing to the increasing demand for wireless 
applications in medical information communication technology (MICT) [9]. 
To ensure the safety of patients in hospital, high reliability and high 
accuracy of medical data obtained from body-worn wireless devices is 
essential. The signal bit error rate (BER) is generally treated as a key index 
for evaluating an antenna’s communication quality. 
So far, analytical studies of the BER performance of mobile antennas in a 
multipath environment in a non-line-of-sight (NLOS) case have been carried 
out [96] [97]. In a previous study [98], assessments of BER characteristics of 
BAN antennas were conducted by using a Monte Carlo simulation. However, 
because of an absence of equipment for BER measurement, few studies have 
been conducted using an empirical method for a multipath-fading channel. 
Therefore, an evaluation system for the BER performance of BAN antennas 
is anticipated. 
There are two difficulties in evaluating the BER performance of BAN 
radios. As shown in Fig. 6.1 (a), the first is that we must consider dynamic 
channel variation, commonly referred to as shadowing, caused by human 
motion [61] [62]. The second is the multipath radio components (fast fading) 
due to reflections and diffractions from surrounding objects, as shown in Fig. 
6.1 (b). In real-world BAN scenarios indoors, objects such as walls and 
furniture will cause severe deterioration in the communication quality of 
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BAN antennas. These difficulties indicate that the key target of BER 
evaluation is the realization of instantaneous BER performance under a 
continuous dynamic BAN channel in realistic fading scenarios. 
With regard to the first issue, many studies have been published to clarify 
dynamic behaviors of the human body [10], [58]. However, an assessment 
using a real human has a drawback in terms of poor controllability for 
realizing repeatable human dynamic motions such as walking. We developed 
an arm-swinging dynamic phantom that can simulate the natural walking 
style of a human, with controllable arm-swinging angles [38].  
With regard to the second difficulty, some efforts have been made to derive 
a channel model using statistical approaches [64], [99]. In propagation 
measurement using an actual human, the statistical modeling depends on 
numerous parameters, such as the propagation channel, the human body 
and the antenna types or orientation. Therefore, it is difficult to determine 
the true reasons for variations in antenna performance in BAN dynamic 
channels. In order to consider the combined effects that occur in BAN 
dynamic channels, the systemization of a measurement procedure needs to 
be developed. 
Over-the-air (OTA) testing is a good candidate for evaluating the general 
performance of mobile devices [17]. A spatial fading emulator can directly 
produce a radio multipath environment with higher controllability and 
accuracy [17]. An OTA test to assess a BAN on-body antenna in a Rice 
channel model using a fading emulator has been conducted. This test 
successfully constructed an assessment system that took into account both 
the human dynamic channel and the fading process [100]. However, the 
continuous arm-swinging motion in [100] was operated separately from the 
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OTA measurement using a different GPIB control system, as illustrated in 
Sect. 3.5. Thus, the matching between the arm-swing control and signal 
detection in the fading process was not taken into account. This will 
eventually degrade the measurement accuracy when conducting highly 
sensitive OTA tests, such as BER.  
Another study [101] proposed a BER measurement apparatus for a 
handset adaptive antenna evaluation. However, the details of the BER 
measurement procedure were not clarified. Compared to an OTA evaluation 
for general mobile terminals [101], the probability of synchronism loss for 
BER detection in a dynamic BAN radio channel will increase due to the 
significant arm shadowing effects. It is critical to restore the instantaneous 
BER performance overlapped with the time-variant fading profile. To 
eliminate the synchronism loss in a dynamic BAN channel, the detection of 
instantaneous BER must be embedded into the fading process in a discrete-
continuous manner. 
This study presents a methodology for BER-OTA testing to evaluate the 
communication quality of BAN antennas. A novel dual-discrete control 
method to detect the instantaneous BER by using a fading emulator with a 
dynamic human phantom for the off-body communication system between 
the wearable terminal and base station is proposed. Emphasis is placed on 
how to implement the proposed method while simultaneously considering 
the dynamic BAN channel and multipath effects. The empirical results show 
that the proposed method replicates a realistic arm-shadowed fading 
channel with both instantaneous and average BER characteristics. 
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(a) Shadowing effects caused by arm-swinging motion 
 
 
 
 
 
 
 
 
 
 
 
 
(b) Multipath effects from surrounding objects indoors 
Fig. 6.1 Subjects of wearable BAN in medical propagation environment 
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6.2 BER-OTA Assessment Apparatus 
Fig. 6.2 (a) shows the configuration of the proposed BER-OTA apparatus. 
The diameter of the fading emulator is 240 cm, and the height of each 
surrounding dipole antenna from the floor is 100 cm. A dipole antenna is 
attached to the human body, e.g., to the left waist, simulating an access point 
of wireless application for off-body communication with the external 
terminals. The arm-swinging dynamic human phantom [38] is located at the 
center of the fading emulator. The phantom can swing both arms to emulate 
the shadowing effects. 
The 14 scatterers comprising dipole antennas surrounding the phantom 
are used to produce the radio waves with a Doppler shift by continuously 
varying the phase of the RF signals. In an indoor walking situation, a 
decrease in the Rice factor results in a fading statistic approaching a 
Rayleigh distribution (see Table 6 in [57]). Thus, the propagation properties 
of the off-body system are similar to those of a standard cellular system. In 
this study, to represent a canonical model of mobile communication systems, 
the angular density function of incident waves is assumed to be uniform in 
azimuth. The phase shift values of each path are determined by random 
numbers using a computer to generate uncorrelated waves with uniformly 
distributed scatterers (Clark model), confirming that the summation of all 
the paths results in multipath signals with the properties of Rayleigh fading. 
Table 6.1 summarizes the specifications for the wireless device used in the 
experiment. A frequency shift keying (FSK) signal with a PN9 pattern at 926 
MHz is created using a signal generator (Anritsu, MG3710A) at the 
transmitting side. This signal is detected using an FSK module (Silicon Labs, 
Si4432) at the receiving side, as shown in Fig. 6.2 (b). FSK modulation is 
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commonly applied to low-data-rate, low-power radio frequency wireless 
devices such as the wearable applications in BAN radio systems. A DUT 
(device under test) antenna is connected to the wireless IC (Integrated 
Circuit) via a coaxial cable, as indicated by a photograph in Fig. 6.2 (a). Using 
this equipment, the instantaneous BER performance in a specific BAN 
scenario can be detected. The procedure to set up the link of FSK wireless 
module and signal generator is illustrated in [Apx. C] in details. 
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Fig. 6.2 Two-dimensional fading emulator for BER measurement 
(a) BER-OTA apparatus (b) FSK module 
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Table 6.1 Specifications for Wireless Device 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Frequency 926 MHz
Wireless IC Si4432
Modulation FSK
Signal pattern PN9
Transmission rate 40 kbps
Sensitivity -105 dBm (BER<10)
Antenna Half-wavelength dipole
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6.3 Dual-Discrete Control Method 
In general, in field testing of mobile terminals, BER is treated as a time-
averaged value in a real-time continuous measurement under certain 
sampling numbers. However, in a dynamic BAN channel, the received signal 
level of a wearable application is extremely sensitive to human motion. In 
that case, in addition to multipath fading effects, the synchronism loss in a 
real-time continuous BER detection process increases significantly. After the 
re-synchronism operation, the restarted BER measurement will deviate 
from the original location of the fading snapshot. Consequently, the 
instantaneous BER overlapped with fading profile cannot be clearly obtained. 
This eventually degrades the accuracy and reliability of the measured BER 
data in a dynamic BAN channel.  
To reduce the probability of synchronism loss in BER experiment, the 
detection of instantaneous BER is conducted at the interval when fading 
process is stopped. Since the transmission rate of the FSK module (see Table 
6.1) is extremely high compared with the maximum Doppler frequency 
caused by the natural human walking speed [102], the random FM noise 
produced by received signal phase variation is not superimposed on the 
desired modulation. In that case, it can be inferred that there is no 
significant impact on the average BER performance of the receiver due to 
the Doppler effects because the error floor is sufficiently low [103].  
In order to guarantee the accuracy of a BAN antenna evaluation, in this 
paper we propose a novel dual-discrete processing method for detecting the 
instantaneous BER performance of a dynamic BAN channel in a Rayleigh 
fading propagation environment.  
Fig. 6.3 shows the hybrid analytical model of fading signals that 
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simultaneously takes into account the arm-swinging and the walking motion 
using Monte Carlo simulation (see Fig. 4 in [98]). The two-way swing is 
divided into many small angular fragments, with each fragment occupying 
a 5-degree swing motion. In all the 5-degree angular regions, the radiation 
patterns are calculated using the method of moments. Employing a constant-
radiation pattern within a 5-degree region, fading signals are created using 
a Monte Carlo simulation that calculates every snapshot by summing all the 
paths between the i-th surrounding scatterer and the wearable dipole 
antenna. The procedure for the Monte Carlo simulation is described in detail 
in literature [93]. Based on this analytical method, the experimental dual-
discrete processing method is shown below. 
Fig. 6.4 (a-1) shows the first discrete processing for instantaneous BER 
detection in a fading channel, which simultaneously takes the arm-swinging 
motion into account [38], [100]. The red curve shows an image of the 
continuous fading signals in single-cycle arm-swinging motion, whereas the 
black line indicates the divided arm-swinging angular fragments. The left 
arm angle a, which is defined as the angle of a line that connects the shoulder 
and the hand in the vertical direction, swings forward (a = 40º) and backward 
(a= 10º) on the human phantom. Fig. 6.4 (a-1) indicates an example of a 
two-stride human walking motion, corresponding to two-way arm-swinging 
from a = 40º, passing through a = 10º in between, and terminating at a= 
40º at the end. Each stride is set to 70 cm (2.16 ). Thus, the phantom walks 
over a distance of d = 140 cm, which is equivalent to 4.32at 926 MHz. As 
shown in Fig. 6.4 (a-1), d is defined as the summation of all section distances 
dn in each arm-swinging angular fragment, as expressed by the following 
equation: 
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(6.1) 
 
where N denotes the number of separate arm-swinging angular sections. 
Although the human arm-swinging motion follows different statistical 
models such as a continuous sinusoidal variation [98], to simplify the 
experiment, all arm-swinging angular regions are set to equal intervals (d1 
= d2…= dN). In Fig. 6.4 (a-1), since the number of snapshots is set to 50 
samples per wavelength, the two strides cover 4.32   50 = 216 snapshots. 
Therefore, when each arm-swinging angular region is set to 10º, there are N 
= 12 intervals from a = 40º to 10º and back to 40º, resulting in 18 snapshots 
per angular section, as shown in Fig. 6.4 (a-1). BER detection for every arm-
swinging section overlapped with a fading channel was conducted until the 
end of 18 sampling snapshots. Then BER detection moved to the next arm-
swinging angle. 
Fig. 6.4 (a-2) shows the second discrete processing for instantaneous BER 
detection in the fading channel. As can be seen in Fig. 6.4 (a-1), in each 
snapshot of the fading profile, the DA converter for the phase control is 
stopped, which implies that there is a pause in the fast fading process. At 
this interval, the measurement of a time-averaged BER value is calculated, 
as shown in Fig. 6.4 (a-2). Since the synchronism is completed at a different 
time (T0) in every snapshot owing to the different received signal levels 
caused by channel variations, the stop time is expanded to 6 s as an exit 
condition in a way that the time of synchronism and actual BER 
measurement are sufficient. After the synchronism is completed, the BER 
measurement is switched from fluctuating to stable state with the increasing 



N
n
ndd
1
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sampling data, as shown in Fig. 6.4 (a-2). This method improves the accuracy 
of instantaneous BER detection overlapped with fading signals. For the sake 
of the 40-kbps transmission rate of the wireless IC, the maximum sampling 
data is calculated as 240,000 at this interval. Thus, a high degree of accuracy 
in the BER value up to 106 can be detected. When the time-averaged BER 
detection shown in Fig. 6.4 (a-2) is finished, the fading process is moved to 
the next snapshot with a separation of  / 50, as shown in Fig. 6.4 (a-1), until 
the antenna has covered the prescribed traveling distance d. 
Fig. 6.4 (b) shows the BER detection in numerous arm-swinging cycles in 
Fig. 6.4 (a-1). The entire traveling distance D is defined as follows: 
(6.2) 
where k indicates the number of arm-swinging cycles, as shown in Fig. 6.4 
(b). Thus, the traveling average BER value (BERm) of all instantaneous BER 
(BERs) values in the entire human walking distance D is calculated as 
follows: 
 
(6.3) 
 
where S signifies the number of entire snapshots, as indicated by the lateral 
axis in Fig. 6.4 (b). In this paper, k is set to 1, and thus S is calculated to be 
4.32   50 = 216.  
Based on this dual-discrete method, the BER evaluation of a BAN dynamic 
channel can easily be carried out because the BER detection procedure is 
effectively embedded into a combined arm-swinging and fading channel. The 
details of BER measurement software using fading emulator and dynamic 
phantom is illustrated in [Apx. B2] 
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Fig. 6.3 Monte Carlo simulation method 
 
 
 
 
 
 
 
 
 
 
 
 
 
(a-1) 1st processing in a dynamic BAN channel 
Fig. 6.4 Dual-Discrete control method using BER-OTA apparatus 
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(a-2) 2nd processing for instantaneous BER in a fading channel 
 
 
 
 
 
 
 
 
 
 
(b) BER detection in numerous arm-swinging cycles 
Fig. 6.4 Dual-Discrete control method using BER-OTA apparatus 
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6.4 Method to set CNR 
Before the BER experiment using a human phantom, a method to set the 
CNR (carrier to noise ratio) for the developed fading emulator [104] is 
illustrated in this section, as shown in Fig. 6.5. 
As Step 1 in Fig. 6.5 (a), in the non-fading situation, where only one of the 
scatterers is connected to the SG, the power of noise PN when BER = 103, is 
calculated as follows. 
0
00
CNR
LP
P tN                                       (6.4) 
Here, Pt0 denotes the transmitting power when the BER equals 103. L0 
indicates the path loss from one scatterer to DUT antenna. In this case, 
CNR0 is 10 (10 dB). 
As Step 2 in Fig. 6.5 (b), in the fading situation when the developed BER-
OTA apparatus is used, the CNR can be calculated by following equation. 
N
rt
P
LP
CNR                                      (6.5) 
where Pt indicates the transmitting power of SG for BER measurement in 
the fading situation. Lr indicates the average value of path loss in a certain 
walking distance of 10 using a vertical dipole at 950 MHz, as shown in Fig. 
6.5 (b). Based on this method, the average BER characteristic in the Rayleigh 
fading propagation environment can be investigated. 
Fig. 6.6 shows the measured results of BERm with the FSK modulation 
signals. The circle symbols show the results of average BER in the AWGN 
situation while the triangle symbols indicate those of the fading environment. 
Since FSK is non-linear modulation, the theoretical value of BER does not 
exist. Thus, an approximation formula by fitting the measured data in 
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AWGN channel is provided, as shown below. 









2

erfcPe                                     (6.6) 
where  indicates the instantaneous value of CNR. As shown in Fig. 6.6, the 
black curve coincides well with the measured result, indicating the 
effectiveness of Eq. (6.6). Using the Eq. (6.6), the analysis of BERm in the 
Rayleigh fading environment can be calculated by Monte Carlo simulation 
[56] [98] [104], as shown by the red line in Fig. 6.6. 
In Fig. 6.6, it can be seen that the BER performance decreases as the CNR 
increases with a gradient of one-tenth of the BER per 10 dB increment of the 
input CNR, which is identical to the gradient for a single antenna in a 
Rayleigh environment. However, when the CNR is larger than 25 dB, the 
gradient is increased. The reason is that the sampling data of each 
transmitted power is set to 500 points in this paper, which may not be 
enough to obtain the low value of BER even the CNR is increased. The 
optimum number of data sampling for BER OTA measurement will be 
investigated in future. 
On the other hand, as shown in Fig. 6.6, the measured BER curve 
eventually coincides with the theoretical value of Rayleigh curve, indicating 
the validity of the proposed procedure to set the CNR using the developed 
BER OTA apparatus. Based on the abovementioned method, the BER 
measurement considering the combined effects of arm-swinging shadowing 
and multipath fading effects using the developed OTA apparatus is carried 
out, which will be illustrated in Sect. 6.5 hereafter. 
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(a) AWGN channel 
 
 
 
 
 
 
 
 
 
 
 
 
(b) Fading channel 
Fig. 6.5 Method to set the CNR of fading emulator for BER measurement 
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Fig. 6.6 Average BER characteristics using a vertical dipole antenna 
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6.5 BER Evaluation in Shadowing-Fading Dynamic 
BAN Channel 
In this section, the BER experiment with the arm-swinging motion in a 
Rayleigh fading channel is carried out using the proposed dual-discrete 
control method for the first time. 
Fig. 6.7 shows an entire view of the BER-OTA apparatus with the dynamic 
phantom and proposed fading emulator. The human phantom placed at the 
center of the fading emulator is set with a specific arm-swing angle (a). The 
DUT antenna (half-wavelength sleeve dipole antenna) is fixed at the left 
waist. The separation between the antenna and the surface of the phantom 
is 3 cm. The polarization is assumed to be vertical because only the vertically 
polarized dipole antennas are used in the fading emulator, as shown in Figs. 
6.2 and 6.7. 
Fig. 6.8 shows the analytical model of the dynamic human phantom and 
the radiation characteristics with varied angle of left arm. A half-wavelength 
sleeve dipole antenna at 950MHz is utilized as a DUT antenna attached to 
the left waist of a human phantom, as shown by in Fig. 6.8 (a). Fig. 6.8 (b) 
shows the radiation pattern simulated by the method of moments when the 
angle of left arm is 40º and 0º, respectively, which has been analyzed in 
previous study [56]. The electrical properties of the model are chosen such 
that the relative permittivity is 55.8 and conductivity is 0.99 S/m, which are 
the average values for human muscle at 950 MHz [38]. Due to the significant 
shadowing effects caused by the arm at 0º, the antenna shows a poor 
performance so that the radiation gain for all angles in the xy-plane is less 
than 20 dBd.  
To clarify the Rayleigh propagation environment, the received signal 
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status is addressed at a static scene (fixed-arm). Figs. 6.9 (a) and (b) shows 
the measured instantaneous response and cumulative distribution function 
(CDF) when the arm angle a is fixed at 40, 20 and 0º, respectively. The 
number of sampling snapshots S in each case is set to 216, corresponding to 
the sampling process of 1-cycle arm-swinging motion, as shown in Fig. 6.3 
(a-1).  
In Fig. 6.9 (a), the deep null positions below 20 dB can be observed. 
Moreover, without regards to arm angles a, the measured results indicate a 
well-performed Rayleigh fading environment in comparison with the 
theoretical curve, as shown in Fig. 6.9 (b). 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6.7 Photograph of measurement setup. 
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(a) Human phantom 
 
 
 
 
 
 
 
 
 
(b) Radiation pattern 
Fig. 6.8 Analytical model and radiation characteristics vs. angle of left arm 
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Fig. 6.9 Status of received signal power vs. fixed arm angles 
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Fig. 6.10 shows the instantaneous response when the phantom moves 
with changing arm-swing angle a. Fig. 6.10 (a) shows the received power, 
while Fig. 6.10 (b) indicates the instantaneous BER performance (BERs). The 
phantom walks over a distance of 140 cm, equivalent to 4.32  at 926 MHz, 
based on the conditions introduced in Fig. 6.3 (a-1). 
The instantaneous BERs in Fig. 6.10 (b) shows that a fluctuation profile 
owing to the fading characteristics is clearly observed where the peak 
positions of the BER curve coincide with the null positions of the fading 
profile. As can be seen in Fig. 6.10 (b), when the left arm passes through the 
angular region of a= 10º to a= 10º, a significant reduction in the 
instantaneous BER is observed owing to the degradation of received power 
caused by the arm shadowing effect. In particular, when a = 0º, as indicated 
by the arrows, a severely shadowed fading channel occurs. In addition, the 
BER falls off rapidly when the angle of the left arm ais outside this range. 
In Fig. 6.10, even the signal level varies significantly owing to a 
shadowing-fading BAN channel, on the basis of the proposed dual-discrete 
control method in Fig. 6.3, a stepwise-continuous instantaneous BER profile 
is attained owing to the well-controlled measurement at each arm-swing 
fragment. This feature indicates that the proposed dual-discrete processing 
using the developed BER-OTA apparatus can successfully evaluate the BAN 
dynamic channels in a Rayleigh fading environment. 
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Fig. 6.10 Instantaneous response vs. arm-swinging angle 
 (a) instantaneous received power, (b) instantaneous BERs 
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Fig. 6.11 shows the average BER characteristics (BERm) of the FSK 
signals when the CNR is varied. The details to set the CNR for the developed 
BER-OTA system are illustrated in Sect. 6.4. In Fig. 6.10, the triangle 
symbols indicate the measured results when the phantom walks in the same 
conditions shown in Fig. 6.10. The circle and square symbols denote the cases 
of additive white Gaussian noise (AWGN) and a Rayleigh fading situation, 
respectively, where only the DUT antenna is used (without human effects). 
The theoretical curves for the AWGN and Rayleigh responses are also 
included, corresponding to those in Fig. 6.6. 
As can be seen in Fig. 6.11, when the human effects are not included, the 
average BERm decreases as the CNR increases with a gradient of one-tenth 
of the BERm per 10-dB increment of the input CNR, which is identical to the 
gradient for a single antenna in a Rayleigh fading environment. On the other 
hand, when the left arm is fixed at a = 40º, which is out of the arm-shadowed 
angular region (see Fig. 6.10), the measured result of average BERm also 
coincides well with the Rayleigh distribution. This fact indicates that 
without considering the shadowing effects, the Rayleigh fading propagation 
can be performed by the proposed BER-OTA apparatus even when a huge 
size of human phantom is used.  
Note that when the CNR is greater than 25 dB, the gradient of the 
measured results is increased compared with the theoretical Rayleigh 
response. The reason for this is that the deep null positions in a fading profile 
may not be achieved due to insufficient snapshots (S = 216). In that case, the 
number of errors in the demodulated data streaming may be lost, i.e., BERs 
= 0, which results in the reduction in the measurement accuracy of the 
average BER at a high CNR level. Therefore, when the system criterion is 
 183 
 
limited at BERm = 10–3, such as for conventional low data rate wearable BAN 
radios, S = 216 is satisfied to achieve the desired high accuracy for the BER 
experiment. However, when BERm = 10–5 is required, e.g., for next-
generation high-speed wearable BAN radios for advanced medical 
applications, S needs to be increased. The optimum sampling number for 
different applications will be investigated in future work. 
Furthermore, in Fig. 6.11, it is shown that owing to the significant 
shadowing effects caused by the arm-swing motion, the desired CNR is 
increased for BERm measurement. When BERm equals 2  10–2, a 15-dB 
increase in CNR is observed. This result agrees well with the analytical 
outcome (see Fig. 6 in [98]), indicating that the proposed dual-discrete 
control method enables a highly reliable BER evaluation with respect to 
sensitive shadowing-fading dynamic BAN channels. 
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Fig. 6.11 Average BER characteristics in dynamic BAN channel. 
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6.6 Conclusion 
This study presents an experimental methodology for BER-OTA testing to 
evaluate the communication quality of BAN antennas. A novel dual-discrete 
control method to detect the instantaneous BER by using a fading emulator 
with a dynamic human phantom for the off-body communication system 
between the wearable terminal and base station is proposed. Emphasis is 
placed on how to implement the proposed method while simultaneously 
considering the dynamic BAN channel and multipath effects. The empirical 
results show that the proposed method replicates a realistic arm-shadowed 
fading channel with both instantaneous and average BER characteristics. 
The developed method is anticipated to be used for the assessment of 
commercial BAN wireless applications.  
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7. Summary 
 
This PhD thesis presents an OTA design methodology for wearable antennas 
considering the influence caused by human and multipath mutual 
interactions. Through the analysis and measurement of channel model and 
antenna performance, a development and research cycle of wearable 
antenna design and OTA methodology is formed. Based on the knowledge 
obtained from this thesis, the concept of wearable antenna design 
considering various index of use scenarios and applications is widely 
expanded. The contributions of this thesis will be illustrated as below. 
In Chapter 2, a weighted-polarization wearable antenna applied to BAN 
on-body communication systems to achieve the radio link enhancement in 
both downlink and uplink on-body channels is proposed. This antenna 
obtains an optimum signal level using a weight function considering the BP-
XPR and antenna tilt angle. The results show that the proposed antenna 
achieved more than a 3-dB improvement of received signal compared with 
the other types of antennas, such as vertical dipole, horizontal dipole and 
equal weight combined antennas, regardless of the arm-swing motion and 
antenna placement, which verifies the effectiveness of the proposed method 
to enhance BAN on-body radio links. Moreover, a simple estimation method 
of BP-XPR is provided. The results show that the proposed BP-XPR can be 
estimated using the 3-dimensional radiation pattern of vertical and 
horizontal test antennas. 
In Chapter 3, to evaluate the performance of wearable antenna in 
multipath propagation environment, a spatial fading emulator was 
developed. Chapter 3 shows the development process of spatial fading 
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emulator from the theoretical basis to manufacture. At first, the radio wave 
synthesis principle based on a simple analytical model was analyzed, which 
was utilized to clarify the generation mechanism of multipath Rayleigh 
fading. The actual device was developed by implementing these formulations. 
The design details of the fading emulator in both channel model and 
hardware manufacture have been conducted while the Rayleigh fading 
generation in the actual OTA device has been confirmed. 
In Chapter 4, in order to represent an actual on-body propagation channel, 
a new methodology for realizing a Rice channel in BAN-OTA testing using a 
fading emulator with a dynamic phantom is proposed. An appropriate K-
factor that represents the actual propagation environment indoors obtained 
from the propagation experiment, is implemented into the fading emulator 
based on a calibration method. This calibration method is validated by 
analyzing the variations in the instantaneous K-factor attributed to the arm-
swinging motion. Finally, an experiment is conducted for a continuous 
human walking motion with the fading emulator using an arm-swinging 
dynamic phantom. The results show that the developed fading emulator 
allows BAN-OTA testing to replicate the actual Rice channel propagation 
environment with the consideration of the dynamic characteristics of human 
walking motion.  
In Chapter 5, to obtain the high speed and large capacity in off-body 
communication system, a three-dimensional analytical channel model for 
vertically arranged MIMO array antennas is presented. A vertically 
arranged structure are characterized using the limited number of scatterers 
implemented in a fading emulator. The mechanism of the arrangement of 
scatterers on the variation of channel responses is studied using a proposed 
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three-dimensional analytical model. Moreover, the appropriate scatterers 
arrangement for a 3D-OTA instrument considering the number of DUT 
antenna elements and multipath characteristics is investigated. The design 
parameters obtained from this study provide a suitable scatterers 
arrangement for designing an actual 3D-OTA apparatus. 
In Chapter 6, to realize the high communication quality in off-body 
channel, an experimental methodology for BER-OTA testing to evaluate 
wearable antennas is presented. As a measurement procedure, a dual-
discrete control method to detect an instantaneous BER using a fading 
emulator with a dynamic human phantom. Particular emphasis is placed on 
how to implement the proposed method while simultaneously considering 
the dynamic BAN channel and multipath effects. It is confirmed that the 
BER measurement of a BAN dynamic channel in a Rayleigh fading 
environment is easily conducted using the proposed dual-discrete control 
method. This method is anticipated to be used for the assessment of 
commercial BAN wireless applications. 
Based on the knowledge obtained from this thesis, diverse evaluation 
system for various wearable antenna considering the mutual interactions of 
human dynamic motion and multipath propagation environment is proposed. 
The achievement of this study will provide an improved evaluation systems 
for practical wearable terminals in theoretical, analytical and experimental 
approaches. It is expected to establish a good R&D of OTA testing and 
wearable antenna design, which is benefit for the development of commercial 
wireless medical device, and this will significantly promote the mobile 
medical-healthcare system network in future society. 
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8. Future Work 
 
Since the antenna in BAN system is utilized in biomedical domain, 
communication index cannot be defined as “protect the minimum” as mobile 
terminals per usual, but needs to ensure that “nothing dangerous will 
happen”. To fulfil this requirement, particular emphasis must be placed on 
how to achieve the high reliable communication of medical wireless devices 
in variety of BAN applications. With respect to specific challenges in physical 
layer, there are four subjects need to be studied as below. 
 
(1) Shadowing modeling of realistic human walking motion.  
(2) Three-dimensional Rice channel for wearable diversity antenna 
evaluation in indoor environment. (On-Body) 
(3) Three-dimensional cluster channel model for wearable MIMO 
antenna assessment in street small cell. (Off-Body) 
(4) Implantable MIMO antenna design and development for medical data 
wireless transmission. (In-Body) 
 
Subject (1): 
Fig. 8.1 shows the method to obtain the probability density function (PDF) 
of human shadowing response. Using a realistic human dynamic modeling 
created by animation software, such as Poser [46], the shadowing response 
of walking motion can be assumed as a periodic function of physical values 
such as path loss or mean effective gain (MEG). This function will be used to 
calculate the cumulative distribution function (CDF) of the shadowing model. 
Since CDF is an integral value of PDF, the PDF can be differentiated easily. 
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Through the derived shadowing model, theoretical analysis of BER 
performance of a diversity antenna can be developed. This way of thinking 
is very helpful for antenna engineers to verify the true reason that degrades 
antenna performance in BAN dynamic channel, such as power or correlation. 
 
Subject (2): 
Fig. 8.2 shows a three-dimensional Rice channel model representing a 
typical usage scenario of BAN on-body radios, where multipath reflected 
waves are coming from not only azimuth but also elevation directions with 
various power distribution and cross-polarization power ratio (XPR). The 
proposed 3-dimensional analytical channel model combines the arm-
swinging shadowing effects and multipath fading phenomenon successfully, 
which is expected to simulate the BER performance of diversity antennas in 
realistic BAN radios. Based on this channel model, the actual BER 
experiment will be conducted by a 3-dimensional BER-OTA evaluation 
system at Toyama University. A dynamic human phantom can swing both 
arms to emulate the shadowing effects whereas the scatterers surrounding 
the phantom are used to create the desired fading signals in both azimuth 
and elevation. The 3D-OTA apparatus denotes that BER performance of 
BAN diversity antenna can be evaluated not only in an anechoic chamber 
base but also in a realistic BAN use scenarios. 
 
Subject (3): 
Fig. 8.3 shows the commercial use scenarios of wearable MIMO antenna in 
street small cell environment, which has a small spatial angular power 
spectrum (APS) of incident wave in both azimuth and elevation angles. In 
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addition, considering human random-directional movement and shadowing 
effects caused by arm-swinging motion, MIMO channel capacity will be 
significantly affected. This work aims at the channel characterization of 
wearable MIMO antennas in such environment by giving several simulation 
solutions using a three-dimensional analytical channel model based on 
cluster model. The three-dimensional coordinate in Fig. 8.3 representing the 
moving angle (fv) of the MIMO antenna in azimuth, where the cluster is 
employed to simulate a set of discrete waves with a narrow angular spread 
() arriving at the MIMO terminal in both azimuth and elevation directions. 
Using this method, the decisive factor of Shannon channel capacity 
determined by the mutual interactions of human movement, antenna 
placement and incident wave characteristics in future street small cell 
MIMO system can be clarified. Future work can also commit to the empirical 
approaches of over-the-air testing and propagation measurement for 
wearable MIMO evaluation. 
 
Subject (4): 
Since the implantable applications will become the hottest topic in future, I 
also aim at developing a capsule endoscope MIMO antenna for high quality 
image transmission through the human body to outside wearable terminals. 
In Fig. 8.4, the implantable MIMO antenna will be comprised by helical 
antenna, with an RF-controlled method to deal with the issue of polarization 
mismatch caused by the creeping motion in the intestinal of human body. 
There are many difficulties in implantable system, such as the antenna 
miniaturization, inclination behavior, impedance mismatch and large path 
loss. It will be an extremely interesting aspect in my future research life. 
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Fig. 8.1 Derivation process of arm-swinging shadowing model 
 
 
 
 
 
 
 
 
 
 
Fig. 8.2 Three-dimensional Rice channel model 
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Fig. 8.3 Wearable MIMO antenna in street small cell environment 
 
 
 
 
 
 
 
 
 
 
Fig. 8.4 Design of implantable capsule endoscope MIMO antenna 
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Appendix A. Matlab Program for Rice 
Channel BAN-OTA Testing 
 
% ***************************************************************************** 
%              Measurement Program of BAN-OTA Testing using Fading Emulator 
%                   Based on Network Analyzer HP8753E and DA Converter 
%                            made in 2013/02/07  
%                                    K.Li 
% ***************************************************************************** 
clear all 
clc 
adrs=15; 
point=5001; 
dt=50; 
M=5000; 
lk=2; 
% ------------------------------------------- 
%           Parameters of Rice theory 
% ------------------------------------------- 
rc=1;               
kd=-50;             
k=0;                
imed=1;             
dl2=-40;            
dh2=10;             
jdiv=100;           
for ib=1:1:23       
    kca(ib)=-50; 
end 
  
id=0;            
 while id>-1 
    clc 
    disp(' ') 
    disp(' -----------------------------------------------------') 
    disp('                     Menu Selection                   ') 
    disp(' -----------------------------------------------------')  
    disp('  Graph window open/close/close all          <1><2><3>') 
    disp('  Measure                                          <4>') 
    disp('  Data dump                                        <5>') 
    disp('  Data load                                       <6>') 
    disp('  Data list                                       <7>') 
    disp('  Graph of phase                                   <8>') 
    disp('  Graph of instantaneous response                  <9>') 
    disp('  Graph of CDF                                    <10>') 
    disp('  Coherent value of instantaneous response        <11>') 
    disp('  Graph of instantaneous response(no mean)        <12>') 
    disp('  Rice CDF Theory                                 <13>') 
    disp('  Plot real and imaginary parts                   <14>') 
    disp('  Multi-value of CDF                              <15>') 
    disp(' -----------------------------------------------------') 
    disp('  END                                             <99>') 
    id=READX(id); 
     
    if id==99               
        break 
    end 
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    % ******************************************************************** 
    %                          window open  
    % ******************************************************************** 
    if id==1 
        figure; 
        id=0; 
    end    
     
    % ******************************************************************** 
    %                         window close 
    % ******************************************************************** 
    if id==2 
        close; 
        id=0; 
    end    
         
    % ******************************************************************** 
    %                          all windows close    
    % ******************************************************************** 
    if id==3 
        close all; 
        id=0; 
    end    
     
     
    % ******************************************************************** 
    %                      Measure  
    % ******************************************************************** 
    if id==4 
        [s21j,point,dt,M]=MEASURE(adrs,point,dt,M); 
        id=0; 
    end    
     
    % ******************************************************************** 
    %                      Data dump  
    % ******************************************************************** 
    if id==5 
        DUMP(s21j,point,dt,M); 
        id=0; 
    end    
     
    % ******************************************************************** 
    %                      Data load  
    % ******************************************************************** 
    if id==6 
        [s21j,point,dt,M]=LOAD; 
        id=0; 
    end    
         
    % ******************************************************************** 
    %                     Data list  
    % ******************************************************************** 
    if id==7 
        LIST(s21j,point,dt,M); 
        id=0; 
    end    
    
    % ******************************************************************** 
    %                  Graph of phase 
    % ******************************************************************** 
    if id==8 
       PHASE(s21j,point,dt,M); 
        id=0; 
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    end    
  
    % ******************************************************************** 
    %                  Graph of instantaneous response 
    % ******************************************************************** 
    if id==9 
        IR(s21j,point,dt,M); 
        id=0; 
    end    
         
    % ******************************************************************** 
    %                  Graph of CDF 
    % ******************************************************************** 
    if id==10 
        CDF(s21j,point,dt,M); 
        id=0; 
    end   ' 
         
    % ******************************************************************** 
    %                  Coherent value of instantaneous response 
    % ******************************************************************** 
    if id==11 
        Coherent; 
        id=0; 
    end    
     
    % ******************************************************************** 
    %                  Graph of instantaneous response(no mean) 
    % ******************************************************************** 
    if id==12 
        IRmean(s21j,point,dt,M); 
        id=0; 
    end    
     
    % ******************************************************************** 
    %                  Rice CDF Theory  
    % ******************************************************************** 
    if id==13 
        [rc,kd,k,imed,dl2,dh2,jdiv]=RICE_CDF(rc,kd,k,imed,dl2,dh2,jdiv); 
        id=0; 
    end    
     
    % ******************************************************************** 
    %                  Plot real and imaginary parts   
    % ******************************************************************** 
    if id==14 
        Realimaginary(s21j,point); 
        id=0; 
    end    
end    
 
 
 
Sub-Program: MEASURE.m 
% ******************************************************************** 
%          Measurement program of Fading Emulator 
%                 HP8753E Network Analyzer 
%                     made in 2013/02/07 
%                           K.Li  
% ******************************************************************** 
function [s21j,point,dt,M,v]=MEASURE(adrs,point,dt,M,v); 
  
clc 
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disp(' ') 
N=7; 
% Number of Scatterers Fading Emulator 
disp(' -----------------------------------------') 
disp('  Number of Scatterers in Fading Emulator ') 
disp(' -----------------------------------------') 
N=READX(N); 
  
ofs=0; 
% Offset Angle of Scatterers in degree 
disp(' --------------------------------------') 
disp('  Offset Angle of Scatterers in degree ') 
disp('     (plus sign for the CCW rotation)  ') 
disp(' --------------------------------------') 
ofs=READX(ofs); 
  
  
% Mobile Moving Distance in Wavelength 
disp(' --------------------------------------') 
disp('  Mobile Moving Distance in Wavelength ') 
disp(' --------------------------------------') 
dt=READX(dt); 
  
% Number of Samples during Movement 
disp(' -----------------------------------') 
disp('  Number of Samples during Movement ') 
disp(' -----------------------------------') 
M=READX(M); 
point=M+1; 
  
NA=1; 
% Set up network analyzer HP8753E 
disp(' --------------------------------------------------') 
disp('    Set up the frequency of network analyzer       ') 
disp(' --------------------------------------------------') 
disp('                    950MHz                      <1>') 
disp('                    600MHz                      <2>') 
disp(' --------------------------------------------------') 
NA=READX(NA); 
  
% ------------------------------------------- 
%                Start or Escape 
% ------------------------------------------- 
esc=0; 
clc 
disp(' ')  
disp(' --------------------------') 
disp('    If Start, Hit Return   ') 
disp('      (999 for Escape)     ') 
disp(' --------------------------') 
esc=READX(esc); 
if esc==999 
    return 
end 
  
% --------------------------------------------------------------- 
%               Set up the network analyzer HP8753E 
% --------------------------------------------------------------- 
gna=gpib('ni',0,adrs); 
set(gna,'InputBufferSize',100240); 
set(gna,'OutputBufferSize',50120); 
set(gna,'EOSMode','read&write'); 
set(gna,'CompareBits',8); 
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set(gna,'EOSCharCode','CR'); 
fopen(gna); 
  
fprintf(gna,'S21;') 
fprintf(gna,'POLA') 
fprintf(gna,'CWFREQ 950MHZ') 
if NA==1 
    fprintf(gna,'MARK1 950MHZ') 
elseif NA==2 
    fprintf(gna,'MARK1 600MHZ') 
end 
  
% --------------------------------------------------------------- 
%             Set up the DA converter 
% --------------------------------------------------------------- 
ao0=0; 
ao1=0; 
ao2=0; 
ao3=0; 
ao4=0; 
ao5=0; 
ao6=0; 
  
daqhwinfo('contec') 
ao=analogoutput('contec','AIO001') 
addchannel(ao,0) 
addchannel(ao,1) 
addchannel(ao,2) 
addchannel(ao,3) 
addchannel(ao,4) 
addchannel(ao,5) 
addchannel(ao,6) 
pause(1); 
  
for in=1:1:7 
    v(in)=0; 
end 
% --------------------------------------------------------------- 
%               Measurement by Fading Emulator 
% --------------------------------------------------------------- 
n=1; 
for d=0:dt/M:dt;   % Mobile Moving Distance in Wavelength 
    phi=[0.6020,0.2630,0.6541,0.6892,0.7482,0.4505,0.0838]; 
    for in=1:1:N; 
        theta_n=(in-1)*2*pi./N; 
        r=exp(j*(2*pi*d*cos(theta_n-ofs)+2*pi*phi(in)));         %amplitude of i-th antenna 
        pha=angle(r)+0.5620;        %phase of i-th phaser 
        v(in)=0.0623*(pha.^3)-0.1886*(pha.^2)+1.1502*pha+5.3510; % calculation of output voltage of i-th 
DA converter 
    end 
    % --------------------------------------------------------------- 
    %             control the output voltage of DA converter 
    % --------------------------------------------------------------- 
    ao0=v(1); 
    ao1=v(2); 
    ao2=v(3); 
    ao3=v(4); 
    ao4=v(5); 
    ao5=v(6); 
    ao6=v(7); 
    putdata(ao,[ao0,ao1,ao2,ao3,ao4,ao5,ao6]); 
    start(ao); 
    pause(0.04); 
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    % --------------------------------------------------------------- 
    %             Reading Data from NA 
    % --------------------------------------------------------------- 
    fprintf(gna,'OUTPMARK'); 
    out=fscanf(gna); 
    s21=str2num(out); 
     
    re=s21(1)*cos(s21(2)*pi/180); 
    im=s21(1)*sin(s21(2)*pi/180); 
    s21j(n)=re+j*im; 
    n=n+1; 
end %for d=0:dt/M:dt; 
    ao0=0;     %DA converter stop 
    ao1=0; 
    ao2=0; 
    ao3=0; 
    ao4=0; 
    ao5=0; 
    ao6=0; 
    putdata(ao,[ao0,ao1,ao2,ao3,ao4,ao5,ao6]); 
    start(ao) 
fclose(gna) 
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Appendix B. Matlab Program for 
BER-OTA Testing 
% ***************************************************************************** 
%              Measurement Program of BER-OTA Testing using Fading Emulator 
%                   Based on Signal Generator MG3710A (Anritsu) 
%                            made in 2016/08/02 
%                                   K.Li 
% ***************************************************************************** 
clear all 
clc 
whitebg('white')    
close 
  
id=0;              % menu select 
N=14;             % number of sources 
id1=1;             % menu select 1-TX/1-RX 
id2=1;             % menu select 1-TX/1-RX 
id3=1;             % menu select 1-TX/1-RX 
id4=1;             % menu select 1-TX/1-RX 
adrs=15; 
freqset=0.926;      % Center frequency in GHz 
myadrs=0;         % computer 
spadrs=8;          % spectrum analyzer 
myadrs2=1;        % computer 
sgadrs=3;          % spectrum analyzer 
% ------------------------------------------------------------------------- 
%           Initial Phase <4>, <5> 
% ------------------------------------------------------------------------- 
filew=1;            
filepd=1;           
filepu=1;           
fnamep='pha1.dat'; 
dkp1=zeros(1,N);    
dkp2=zeros(1,N);    
dkp3=zeros(1,N);    
dkp4=zeros(1,N);    
dkp5=zeros(1,N);    
dkp6=zeros(1,N);    
dkp7=zeros(1,N);    
dkp8=zeros(1,N);    
ukp1=zeros(1,N);    
ukp2=zeros(1,N);    
ukp3=zeros(1,N);    
ukp4=zeros(1,N);    
ukp5=zeros(1,N);    
ukp6=zeros(1,N);    
ukp7=zeros(1,N);    
ukp8=zeros(1,N);    
% ------------------------------------------------------------------------- 
%           Polarization Initial Phase <6>,<7> 
% ------------------------------------------------------------------------- 
fileq=1;            
fnameq='phq1.dat'; 
kq1=0;             
kq2=0;             
kq3=0;             
kq4=0;             
kq5=0;             
kq6=0;             
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kq7=0;             
kq8=0;             
% ------------------------------------------------------------------------- 
%      Parameters  <9>-<1> 
% ------------------------------------------------------------------------- 
L=7;                
level=-63.2;        
md=21;              
mfreq=1;            
xpre=0;             
M=500;              
zend=10;            
mdire=270;          
ofs=5;              
psel=2;             
iniph=2;            
qsel=2;             
vhran=1;            
ien=1;              
azdis=1;            
ksel=2;             
y1=-80;             
y2=0;               
K=1;                
pl5=-100;           
ph5=-40;            
eig=2;              
pwr1=0; 
ber=0; 
M1=12; 
M2=18; 
  
while id>-1 
    clc 
    disp(' ') 
    disp(' ----------------------------------------------') 
    disp('       PROGRAM of BER_2D_FADING_EMULATOR       ') 
    disp(' ----------------------------------------------') 
    disp(' ----------------------------------------------') 
    disp('  Open/Close/Close All               <1><2><3> ') 
    disp(' ----------------------------------------------') 
    disp('  Initial Phase File Dump                  <4> ') 
    disp('  Initial Phase File Load                  <5> ') 
    disp('  Polarization Phase File Dump             <6> ') 
    disp('  Polarization Phase File Load             <7> ') 
    disp(' ----------------------------------------------') 
    disp('  Set-up the SA (R3132)                    <8> ') 
    disp('  Measure the Fading by SA_Fix             <9> ') 
    disp('  Measure the Fading by SA_Continuous     <10> ') 
    disp(' ----------------------------------------------') 
    disp('  Measure the BER by SG_Fix               <11> ') 
    disp('  Measure the BER by SG_Continuous        <12> ') 
    disp(' ----------------------------------------------') 
    disp('  Measure the Fading by SA_Fix_Div.       <13> ') 
    disp('  Measure the Fading by SA_Conti_Div.     <14> ') 
    disp(' ----------------------------------------------') 
    disp('  Measure the BER by SG_Fix_Div.          <15> ') 
    disp('  Measure the BER by SG_Conti_Div.        <16> ') 
    disp('  END                                     <99> ') 
    id=READX(id); 
     
    if id==99              % program stop 
        break 
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    end 
     
    if id==99               
        break 
    end 
     
    % ********************************************************************* 
    %                          Open 
    % ********************************************************************* 
    if id==1 
        figure; 
    end   % end of 'if id==1' 
     
    % ********************************************************************* 
    %                          Close 
    % ********************************************************************* 
    if id==2 
        close 
    end   % end of 'if id==2' 
     
    % ********************************************************************* 
    %                        Close all 
    % ********************************************************************* 
    if id==3 
        close all 
    end   % end of 'if id==3' 
     
    % ********************************************************************* 
    %                        Initial Phase Dump 
    % ********************************************************************* 
    if id==4 
        clc 
        disp(' ') 
        disp(' ------------------------------------') 
        disp('     The Number of Incident Waves    ') 
        disp(' ------------------------------------') 
        disp('  2-TX                           <1> ') 
        disp('  4-TX                           <2> ') 
        disp('  8-TX                           <3> ') 
        disp('  escape                        <99> ') 
        disp(' ------------------------------------') 
        filew=READX(filew); 
         
        if (filew>=1)&&(filew<=3) 
            [filepd,filepu,filew,fnamep,dkp1,dkp2,dkp3,dkp4,dkp5,dkp6,dkp7,dkp8,... 
                ukp1,ukp2,ukp3,ukp4,ukp5,ukp6,ukp7,ukp8,N]=... 
                FDUMP_PHASE(filepd,filepu,filew,fnamep,dkp1,dkp2,dkp3,dkp4,dkp5,dkp6,dkp7,dkp8,... 
                ukp1,ukp2,ukp3,ukp4,ukp5,ukp6,ukp7,ukp8,N); 
        end 
    end   % end of 'if id==4' 
     
    % ********************************************************************* 
    %                       Initial Phase Load 
    % ********************************************************************* 
    if id==5 
        clc 
        disp(' ') 
        disp(' ------------------------------------') 
        disp('     The Number of Incident Waves    ') 
        disp(' ------------------------------------') 
        disp('  2-TX                           <1> ') 
        disp('  4-TX                           <2> ') 
        disp('  8-TX                           <3> ') 
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        disp('  escape                        <99> ') 
        disp(' ------------------------------------') 
        filew=READX(filew); 
         
        if (filew>=1)&&(filew<=3) 
            [filepd,filepu,filew,fnamep,dkp1,dkp2,dkp3,dkp4,dkp5,dkp6,dkp7,dkp8,... 
                ukp1,ukp2,ukp3,ukp4,ukp5,ukp6,ukp7,ukp8,N]=... 
                FLOAD_PHASE(filepd,filepu,filew,fnamep,dkp1,dkp2,dkp3,dkp4,dkp5,dkp6,dkp7,dkp8,... 
                ukp1,ukp2,ukp3,ukp4,ukp5,ukp6,ukp7,ukp8,N); 
        end 
    end   % end of 'if id==5' 
     
    % ********************************************************************* 
    %                      Polarization Initial Phase Dump 
    % ********************************************************************* 
    if id==6 
        clc 
        disp(' ') 
        disp(' ------------------------------------') 
        disp('     The Number of Incident Waves    ') 
        disp(' ------------------------------------') 
        disp('  2-TX                           <1> ') 
        disp('  4-TX                           <2> ') 
        disp('  8-TX                           <3> ') 
        disp('  escape                        <99> ') 
        disp(' ------------------------------------') 
        filew=READX(filew); 
         
        if (filew>=1)&&(filew<=3) 
            [fileq,filew,fnameq,kq1,kq2,kq3,kq4,kq5,kq6,kq7,kq8,N]=... 
                FDUMP_POLPHASE(fileq,filew,fnameq,kq1,kq2,kq3,kq4,kq5,kq6,kq7,kq8,N); 
        end 
    end   % end of 'if id==6' 
     
    % ********************************************************************* 
    %                      Polarization Initial Phase Load 
    % ********************************************************************* 
    if id==7 
        clc 
        disp(' ') 
        disp(' ------------------------------------') 
        disp('     The Number of Incident Waves    ') 
        disp(' ------------------------------------') 
        disp('  2-TX                           <1> ') 
        disp('  4-TX                           <2> ') 
        disp('  8-TX                            <> ') 
        disp('  escape                        <99> ') 
        disp(' ------------------------------------') 
        filew=READX(filew); 
         
        if (filew>=1)&&(filew<=3) 
            [fileq,filew,fnameq,kq1,kq2,kq3,kq4,kq5,kq6,kq7,kq8,N]=... 
                FLOAD_POLPHASE(fileq,filew,fnameq,kq1,kq2,kq3,kq4,kq5,kq6,kq7,kq8,N); 
        end 
    end   % end of 'if id==7' 
     
    % ******************************************************************** 
    %                    Set-up the SA (R3132) 
    % ******************************************************************** 
    if id==8 
        [freqset]=STUPHP(freqset); 
        id=0; 
    end   % end of 'if id==4' 
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    % ******************************************************************** 
    %         Measure the Fading by SA (Fixed Arm) (R3132) 
    % ******************************************************************** 
    if id==9 
        clc 
        disp(' ') 
        disp(' ------------------------------') 
        disp('        Measurement by SA      ') 
        disp(' ------------------------------') 
        disp('  Measurement              <1> ') 
        disp('  Data File Dump           <2> ') 
        disp('  Data File Load           <3> ') 
        disp('  Drawing the Graph        <4> ') 
        disp('  Selection Diversity      <5> ') 
        disp('  escape                  <99> ') 
        id1=READX(id1); 
         
        if id1==1 
            [md,xpre,M,zend,mdire,N,ofs,... 
                psel,iniph,qsel,vhran,ien,dkp1,ukp1,azdis,ksel,y1,y2,K,cx,sx,gx,px,... 
                
pl5,ph5,eig,fnamep,kq1,fnameq,myadrs,spadrs,pwr1,freqset,mfreq]=MEASURE_SA_FIXED(md,xpre,M,zend,mdire,N,o
fs,... 
                
psel,iniph,qsel,vhran,ien,azdis,ksel,y1,y2,K,cx,sx,gx,px,pl5,ph5,eig,dkp1,ukp1,fnamep,kq1,fnameq,myadrs,s
padrs,pwr1,freqset,mfreq); 
        elseif id1==2 
            DUMP_1TX_1RX(pwr1,ien,M,zend); 
        elseif id1==3 
            [pwr1,ien,M,zend]=LOAD_1TX_1RX; 
        elseif id1==4 
            [xpre,M,zend,mdire,N,ofs,... 
                psel,iniph,qsel,vhran,ien,azdis,ksel,y1,y2,K,cx,sx,gx,px,... 
                pl5,ph5,eig,dkp1,ukp1,fnamep,kq1,fnameq,myadrs,spadrs,pwr1]=... 
                EIGEN_1TX_1RX_2D_POL(xpre,M,zend,mdire,N,ofs,... 
                psel,iniph,qsel,vhran,ien,azdis,ksel,y1,y2,K,cx,sx,gx,px,... 
                pl5,ph5,eig,dkp1,ukp1,fnamep,kq1,fnameq,myadrs,spadrs,pwr1); 
        elseif id1==5 
            
DUMP_1TX_1RX_Div12(md,xpre,mdire,N,ofs,psel,iniph,qsel,vhran,dkp1,ukp1,azdis,ksel,y1,y2,K,cx,sx,gx,px,... 
                pl5,ph5,eig,fnamep,kq1,fnameq,myadrs,spadrs,freqset,mfreq,pwr1,ien,M,zend); 
        end 
        id1=0; 
    end   % end of 'if id==4' 
     
    % ******************************************************************** 
    %          Measure the Fading by SA (Continuous Swing) (R3132) 
    % ******************************************************************** 
    if id==10 
        clc 
        disp(' ') 
        disp(' ------------------------------') 
        disp('        Measurement by SA      ') 
        disp(' ------------------------------') 
        disp('  Measurement              <1> ') 
        disp('  Data File Dump           <2> ') 
        disp('  Data File Load           <3> ') 
        disp('  Drawing the Graph        <4> ') 
        disp('  Selection Diversity      <5> ') 
        disp('  escape                  <99> ') 
        id2=READX(id2); 
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        if id2==1 
            [md,xpre,M,zend,mdire,N,ofs,... 
                psel,iniph,qsel,vhran,ien,dkp1,ukp1,azdis,ksel,y1,y2,K,cx,sx,gx,px,... 
                
pl5,ph5,eig,fnamep,kq1,fnameq,myadrs,spadrs,pwr1,freqset,mfreq]=MEASURE_SA_CONTINUOUS(md,xpre,M,zend,mdir
e,N,ofs,... 
                
psel,iniph,qsel,vhran,ien,azdis,ksel,y1,y2,K,cx,sx,gx,px,pl5,ph5,eig,dkp1,ukp1,fnamep,kq1,fnameq,myadrs,s
padrs,pwr1,freqset,mfreq); 
        elseif id2==2 
            DUMP_1TX_1RX(pwr1,ien,M,zend); 
        elseif id2==3 
            [pwr1,ien,M,zend]=LOAD_1TX_1RX; 
        elseif id2==4 
            [xpre,M,zend,mdire,N,ofs,... 
                psel,iniph,qsel,vhran,ien,azdis,ksel,y1,y2,K,cx,sx,gx,px,... 
                pl5,ph5,eig,dkp1,ukp1,fnamep,kq1,fnameq,myadrs,spadrs,pwr1]=... 
                EIGEN_1TX_1RX_2D_POL(xpre,M,zend,mdire,N,ofs,... 
                psel,iniph,qsel,vhran,ien,azdis,ksel,y1,y2,K,cx,sx,gx,px,... 
                pl5,ph5,eig,dkp1,ukp1,fnamep,kq1,fnameq,myadrs,spadrs,pwr1); 
        elseif id2==5 
            
DUMP_1TX_1RX_Div12(md,xpre,mdire,N,ofs,psel,iniph,qsel,vhran,dkp1,ukp1,azdis,ksel,y1,y2,K,cx,sx,gx,px,... 
                pl5,ph5,eig,fnamep,kq1,fnameq,myadrs,spadrs,freqset,mfreq,pwr1,ien,M,zend); 
        end 
        id2=0; 
    end   % end of 'if id==4' 
     
    % ******************************************************************** 
    %     Measure the BER by SG (Fixed Arm) (MG3710A) 
    % ******************************************************************** 
    if id==11 
        clc 
        disp(' ') 
        disp(' -------------------------------') 
        disp('  Measurement of BER (Fixed Arm)') 
        disp(' -------------------------------') 
        disp('  Measurement by SG         <1> ') 
        disp('  Data File Dump            <2> ') 
        disp('  Data File Load            <3> ') 
        disp('  Drawing the Graph         <4> ') 
        disp('  Selection Diversity       <5> ') 
        disp('  escape                   <99> ') 
        id3=READX(id3); 
         
        if id3==1 
            [L,level,md,xpre,M,zend,mdire,N,ofs,... 
                psel,iniph,qsel,vhran,ien,dkp1,ukp1,azdis,ksel,y1,y2,K,cx,sx,gx,px,... 
                
pl5,ph5,eig,fnamep,kq1,fnameq,myadrs2,sgadrs,ber,freqset,mfreq]=MEASURE_SG_FIXED(L,level,md,xpre,M,zend,m
dire,N,ofs,... 
                
psel,iniph,qsel,vhran,ien,azdis,ksel,y1,y2,K,cx,sx,gx,px,pl5,ph5,eig,dkp1,ukp1,fnamep,kq1,fnameq,myadrs2,
sgadrs,ber,freqset,mfreq); 
        elseif id3==2 
            DUMP_1TX_1RX_BER(ber,ien,M,zend); 
        elseif id3==3 
            [ber,ien,M,zend]=LOAD_1TX_1RX_BER; 
        elseif id3==4 
            [xpre,M,zend,mdire,N,ofs,... 
                psel,iniph,qsel,vhran,ien,azdis,ksel,y1,y2,K,cx,sx,gx,px,... 
                pl5,ph5,eig,dkp1,ukp1,fnamep,kq1,fnameq,myadrs2,sgadrs,ber]=... 
                EIGEN_1TX_1RX_2D_POL_BER(xpre,M,zend,mdire,N,ofs,... 
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                psel,iniph,qsel,vhran,ien,azdis,ksel,y1,y2,K,cx,sx,gx,px,... 
                pl5,ph5,eig,dkp1,ukp1,fnamep,kq1,fnameq,myadrs2,sgadrs,ber); 
        elseif id3==5 
            DUMP_1TX_1RX_BER_Div12(xpre,M,zend,mdire,N,ofs,... 
                psel,iniph,qsel,vhran,ien,azdis,ksel,y1,y2,K,cx,sx,gx,px,... 
                pl5,ph5,eig,dkp1,ukp1,fnamep,kq1,fnameq,myadrs2,sgadrs,ber,level); 
        end 
        id3=0; 
    end   % end of 'if id==4' 
     
    % ******************************************************************** 
    %     Measure the BER by SG (Continuous Swing) (MG3710A) 
    % ******************************************************************** 
    if id==12 
        clc 
        disp(' ') 
        disp(' ---------------------------------') 
        disp('  Measurement of BER (Continuous) ') 
        disp(' ---------------------------------') 
        disp('  Measurement by SG           <1> ') 
        disp('  Data File Dump              <2> ') 
        disp('  Data File Load              <3> ') 
        disp('  Drawing the Graph           <4> ') 
        disp('  Selection Diversity         <5> ') 
        disp('  escape                     <99> ') 
        id4=READX(id4); 
         
        if id4==1 
            [md,xpre,M1,M2,zend,mdire,N,ofs,... 
                psel,iniph,qsel,vhran,ien,dkp1,ukp1,azdis,ksel,y1,y2,K,cx,sx,gx,px,... 
                
pl5,ph5,eig,fnamep,kq1,fnameq,myadrs2,sgadrs,ber,freqset,mfreq]=MEASURE_SG_CONTINUOUS(md,xpre,M1,M2,zend,
mdire,N,ofs,... 
                
psel,iniph,qsel,vhran,ien,azdis,ksel,y1,y2,K,cx,sx,gx,px,pl5,ph5,eig,dkp1,ukp1,fnamep,kq1,fnameq,myadrs2,
sgadrs,ber,freqset,mfreq); 
        elseif id4==2 
            DUMP_1TX_1RX_BER(ber,ien,M,zend); 
        elseif id4==3 
            [ber,ien,M,zend]=LOAD_1TX_1RX_BER; 
        elseif id4==4 
            [xpre,M,zend,mdire,N,ofs,... 
                psel,iniph,qsel,vhran,ien,azdis,ksel,y1,y2,K,cx,sx,gx,px,... 
                pl5,ph5,eig,dkp1,ukp1,fnamep,kq1,fnameq,myadrs2,sgadrs,ber]=... 
                EIGEN_1TX_1RX_2D_POL_BER(xpre,M,zend,mdire,N,ofs,... 
                psel,iniph,qsel,vhran,ien,azdis,ksel,y1,y2,K,cx,sx,gx,px,... 
                pl5,ph5,eig,dkp1,ukp1,fnamep,kq1,fnameq,myadrs2,sgadrs,ber); 
        elseif id4==5 
            DUMP_1TX_1RX_BER_Div12(xpre,M,zend,mdire,N,ofs,... 
                psel,iniph,qsel,vhran,ien,azdis,ksel,y1,y2,K,cx,sx,gx,px,... 
                pl5,ph5,eig,dkp1,ukp1,fnamep,kq1,fnameq,myadrs2,sgadrs,ber,level); 
        end 
        id4=0; 
    end   % end of 'if id==4' 
  
    % ******************************************************************** 
    %         Measure the Fading by SA (Fixed Arm) Diver city (R3132) 
    % ******************************************************************** 
    if id==13 
        clc 
        disp(' ') 
        disp(' ------------------------------') 
        disp('        Measurement by SA      ') 
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        disp(' ------------------------------') 
        disp('  Measurement              <1> ') 
        disp('  Drawing the Graph        <2> ') 
        disp('  escape                  <99> ') 
        id1=READX(id1); 
         
        if id1==1 
            [md,xpre,M,zend,mdire,N,ofs,... 
                psel,iniph,qsel,vhran,ien,dkp1,ukp1,azdis,ksel,y1,y2,K,cx,sx,gx,px,... 
                
pl5,ph5,eig,fnamep,kq1,fnameq,myadrs,spadrs,pwr1,freqset,mfreq]=MEASURE_SA_FIXED_Div(md,xpre,M,zend,mdire
,N,ofs,... 
                
psel,iniph,qsel,vhran,ien,azdis,ksel,y1,y2,K,cx,sx,gx,px,pl5,ph5,eig,dkp1,ukp1,fnamep,kq1,fnameq,myadrs,s
padrs,pwr1,freqset,mfreq); 
        elseif id1==2 
            
DUMP_1TX_1RX_Div(md,xpre,mdire,N,ofs,psel,iniph,qsel,vhran,dkp1,ukp1,azdis,ksel,y1,y2,K,cx,sx,gx,px,... 
                pl5,ph5,eig,fnamep,kq1,fnameq,myadrs,spadrs,freqset,mfreq,pwr1,ien,M,zend); 
             
        end 
        id1=0; 
    end   % end of 'if id==4' 
     
    % ************************************************************************ 
    %         Measure the Fading by SA (Continuous Swing) Diver city (R3132) 
    % ************************************************************************ 
    if id==14 
        clc 
        disp(' ') 
        disp(' ------------------------------') 
        disp('        Measurement by SA      ') 
        disp(' ------------------------------') 
        disp('  Measurement              <1> ') 
        disp('  Data File Dump           <2> ') 
        disp('  Data File Load           <3> ') 
        disp('  Drawing the Graph        <4> ') 
        disp('  Selection Diversity      <5> ') 
        disp('  escape                  <99> ') 
        id1=READX(id1); 
         
        if id1==1 
            [md,xpre,M,zend,mdire,N,ofs,... 
                psel,iniph,qsel,vhran,ien,dkp1,ukp1,azdis,ksel,y1,y2,K,cx,sx,gx,px,... 
                
pl5,ph5,eig,fnamep,kq1,fnameq,myadrs,spadrs,pwr1,freqset,mfreq]=MEASURE_SA_CONTINUOUS_Div(md,xpre,M,zend,
mdire,N,ofs,... 
                
psel,iniph,qsel,vhran,ien,azdis,ksel,y1,y2,K,cx,sx,gx,px,pl5,ph5,eig,dkp1,ukp1,fnamep,kq1,fnameq,myadrs,s
padrs,pwr1,freqset,mfreq); 
        elseif id1==2 
            
DUMP_1TX_1RX_Div(md,xpre,mdire,N,ofs,psel,iniph,qsel,vhran,dkp1,ukp1,azdis,ksel,y1,y2,K,cx,sx,gx,px,... 
                pl5,ph5,eig,fnamep,kq1,fnameq,myadrs,spadrs,freqset,mfreq,pwr1,ien,M,zend); 
        elseif id1==3 
            [pwr1,ien,M,zend]=LOAD_1TX_1RX; 
        elseif id1==4 
            [xpre,M,zend,mdire,N,ofs,... 
                psel,iniph,qsel,vhran,ien,azdis,ksel,y1,y2,K,cx,sx,gx,px,... 
                pl5,ph5,eig,dkp1,ukp1,fnamep,kq1,fnameq,myadrs,spadrs,pwr1]=... 
                EIGEN_1TX_1RX_2D_POL(xpre,M,zend,mdire,N,ofs,... 
                psel,iniph,qsel,vhran,ien,azdis,ksel,y1,y2,K,cx,sx,gx,px,... 
                pl5,ph5,eig,dkp1,ukp1,fnamep,kq1,fnameq,myadrs,spadrs,pwr1); 
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        elseif id1==5 
            
DUMP_1TX_1RX_Div(md,xpre,mdire,N,ofs,psel,iniph,qsel,vhran,dkp1,ukp1,azdis,ksel,y1,y2,K,cx,sx,gx,px,... 
                pl5,ph5,eig,fnamep,kq1,fnameq,myadrs,spadrs,freqset,mfreq,pwr1,ien,M,zend); 
             
        end 
        id1=0; 
    end   % end of 'if id==4' 
     
    % ******************************************************************** 
    %     Measure the BER by SG (Fixed Arm)  Diver city(MG3710A) 
    % ******************************************************************** 
    if id==15 
        clc 
        disp(' ') 
        disp(' -------------------------------') 
        disp('  Measurement of BER (Fixed Arm)') 
        disp(' -------------------------------') 
        disp('  Measurement by SG         <1> ') 
        disp('  Data File Dump            <2> ') 
        disp('  Data File Load            <3> ') 
        disp('  Drawing the Graph         <4> ') 
        disp('  escape                   <99> ') 
        id3=READX(id3); 
         
        if id3==1 
            [L,level,md,xpre,M,zend,mdire,N,ofs,... 
                psel,iniph,qsel,vhran,ien,dkp1,ukp1,azdis,ksel,y1,y2,K,cx,sx,gx,px,... 
                
pl5,ph5,eig,fnamep,kq1,fnameq,myadrs2,sgadrs,ber,freqset,mfreq]=MEASURE_SG_FIXED_Div(L,level,md,xpre,M,ze
nd,mdire,N,ofs,... 
                
psel,iniph,qsel,vhran,ien,azdis,ksel,y1,y2,K,cx,sx,gx,px,pl5,ph5,eig,dkp1,ukp1,fnamep,kq1,fnameq,myadrs2,
sgadrs,ber,freqset,mfreq); 
        elseif id3==2 
            DUMP_1TX_1RX_BER_Div(xpre,M,zend,mdire,N,ofs,... 
                psel,iniph,qsel,vhran,ien,azdis,ksel,y1,y2,K,cx,sx,gx,px,... 
                pl5,ph5,eig,dkp1,ukp1,fnamep,kq1,fnameq,myadrs2,sgadrs,ber,level); 
        elseif id3==3 
            [ber,ien,M,zend]=LOAD_1TX_1RX_BER; 
        elseif id3==4 
            [xpre,M,zend,mdire,N,ofs,... 
                psel,iniph,qsel,vhran,ien,azdis,ksel,y1,y2,K,cx,sx,gx,px,... 
                pl5,ph5,eig,dkp1,ukp1,fnamep,kq1,fnameq,myadrs2,sgadrs,ber]=... 
                EIGEN_1TX_1RX_2D_POL_BER(xpre,M,zend,mdire,N,ofs,... 
                psel,iniph,qsel,vhran,ien,azdis,ksel,y1,y2,K,cx,sx,gx,px,... 
                pl5,ph5,eig,dkp1,ukp1,fnamep,kq1,fnameq,myadrs2,sgadrs,ber); 
        end 
        id3=0; 
    end   % end of 'if id==4' 
     
    % ******************************************************************** 
    %     Measure the BER by SA (Continuous Swing) Diver city (R3132)) (MG3710A) 
    % ******************************************************************** 
    if id==16 
        clc 
        disp(' ') 
        disp(' ---------------------------------') 
        disp('  Measurement of BER (Continuous) ') 
        disp(' ---------------------------------') 
        disp('  Measurement by SG           <1> ') 
        disp('  Data File Dump              <2> ') 
        disp('  Data File Load              <3> ') 
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        disp('  Drawing the Graph           <4> ') 
        disp('  escape                     <99> ') 
        id4=READX(id4); 
         
        if id4==1 
            [md,xpre,zend,mdire,N,ofs,... 
                psel,iniph,qsel,vhran,ien,dkp1,ukp1,azdis,ksel,y1,y2,K,cx,sx,gx,px,... 
                
pl5,ph5,eig,fnamep,kq1,fnameq,myadrs2,sgadrs,ber,freqset,mfreq,level]=MEASURE_SG_CONTINUOUS_Div(md,xpre,z
end,mdire,N,ofs,... 
                
psel,iniph,qsel,vhran,ien,azdis,ksel,y1,y2,K,cx,sx,gx,px,pl5,ph5,eig,dkp1,ukp1,fnamep,kq1,fnameq,myadrs2,
sgadrs,ber,freqset,mfreq,level); 
        elseif id4==2 
            [xpre,M,zend,mdire,N,ofs,... 
                psel,iniph,qsel,vhran,ien,azdis,ksel,y1,y2,K,cx,sx,gx,px,... 
                pl5,ph5,eig,dkp1,ukp1,fnamep,kq1,fnameq,myadrs2,sgadrs,ber,level]=... 
                DUMP_1TX_1RX_BER_Div(xpre,M,zend,mdire,N,ofs,... 
                psel,iniph,qsel,vhran,ien,azdis,ksel,y1,y2,K,cx,sx,gx,px,... 
                pl5,ph5,eig,dkp1,ukp1,fnamep,kq1,fnameq,myadrs2,sgadrs,ber,level); 
        elseif id4==3 
            [ber,ien,M,zend]=LOAD_1TX_1RX_BER; 
        elseif id4==4 
            [xpre,M,zend,mdire,N,ofs,... 
                psel,iniph,qsel,vhran,ien,azdis,ksel,y1,y2,K,cx,sx,gx,px,... 
                pl5,ph5,eig,dkp1,ukp1,fnamep,kq1,fnameq,myadrs2,sgadrs,ber]=... 
                EIGEN_1TX_1RX_2D_POL_BER(xpre,M,zend,mdire,N,ofs,... 
                psel,iniph,qsel,vhran,ien,azdis,ksel,y1,y2,K,cx,sx,gx,px,... 
                pl5,ph5,eig,dkp1,ukp1,fnamep,kq1,fnameq,myadrs2,sgadrs,ber); 
        end 
        id4=0; 
    end   % end of 'if id==4' 
     
end   % while id>0 
 
 
 
Sub-Program: MEASURE_SA_CONTINUOUS.m 
% ******************************************************************** 
%          Measurement program of Fading Emulator 
%                 Signal Generator MG3710A Anritsu 
%                     made in 2016/08/02 
%                            K.Li 
% ******************************************************************** 
function 
[md,xpre,M,zend,mdire,N,ofs,psel,iniph,qsel,vhran,ien,dkp1,ukp1,azdis,ksel,y1,y2,K,cx,sx,gx,px,... 
    pl5,ph5,eig,fnamep,kq1,fnameq,myadrs,spadrs,pwr1,freqset,mfreq]=... 
    
MEASURE_SA_CONTINUOUS(md,xpre,M,zend,mdire,N,ofs,psel,iniph,qsel,vhran,ien,azdis,ksel,y1,y2,K,cx,sx,gx,px
,... 
    pl5,ph5,eig,dkp1,ukp1,fnamep,kq1,fnameq,myadrs,spadrs,pwr1,freqset,mfreq); 
 
myadrs=0;        % computer 
spadrs=8;        % spectrum analyzer 
clc 
disp(' ') 
M=216; 
zend=4.32; 
 
clc 
disp(' ') 
% Measured Direction 
disp(' ------------------------') 
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disp('    Bilateral MIMO OTA   ') 
disp('    Measured Direction   ') 
disp(' ------------------------') 
disp('   downlink         <21> ') 
disp('   uplink           <12> ') 
disp(' ------------------------') 
md=READX(md); 
 
% Measured Frequency 
disp(' --------------------------') 
disp('     Measured Frequency    ') 
disp(' --------------------------') 
disp('   926MHz              <1> ') 
disp('   950MHz              <2> ') 
disp('   2000MHz             <3> ') 
disp(' --------------------------') 
mfreq=READX(mfreq); 
 
if mfreq==1 
    if freqset~=0.926 
        disp(' -----------------------------------------') 
        disp('  Caution !!!   Setup of VNA is different ') 
        disp(' -----------------------------------------') 
        pause(3) 
        return 
    end 
     
end 
 
clc 
disp(' ') 
% XPR 
disp(' ---------------') 
disp('    XPR in dB   ') 
disp(' ---------------') 
xpre=READX(xpre); 
xpr=10^(xpre/10); 
 
% Number of Samples during Movement 
disp(' -----------------------------------') 
disp('  Number of Samples during Movement ') 
disp(' -----------------------------------') 
M=READX(M); 
 
% Mobile Moving Distance in Wavelength 
disp(' --------------------------------------') 
disp('  Mobile Moving Distance in Wavelength ') 
disp(' --------------------------------------') 
zend=READX(zend); 
 
% Mobile Moving Directions 
disp(' ------------------------------------') 
disp('  Mobile Moving Directions in degree ') 
disp(' ------------------------------------') 
mdire=READX(mdire); 
mdir=mdire*pi/180; 
 
clc 
disp(' ') 
% Number of Scatterers in Azimuth 
disp(' ---------------------------------') 
disp('  Number of Scatterers in Azimuth ') 
disp(' ---------------------------------') 
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N=READX(N); 
 
% Offset Angle of Scatterers in degree 
disp(' --------------------------------------') 
disp('  Offset Angle of Scatterers in degree ') 
disp('     (plus sign for the CCW rotation)  ') 
disp(' --------------------------------------') 
ofs=READX(ofs); 
 
% ------------------------------------------- 
%       Initial Phase 
% ------------------------------------------- 
clc 
disp(' ') 
disp(' -------------------------------------------------------') 
disp('  Use of Random Data for Initial Phase of Scatterers <1>') 
disp('  Use of File Data for Initial Phase of Scatterers   <2>') 
disp(' -------------------------------------------------------') 
psel=READX(psel); 
 
if psel==1 
    % Initial Phase of Scatterers 
    disp(' -----------------------------') 
    disp('  Initial Phase of Scatterers ') 
    disp(' -----------------------------') 
    disp('  Zero                    <1> ') 
    disp('  Random                  <2> ') 
    iniph=READX(iniph); 
end 
 
disp(' ----------------------------------------------') 
disp('  Use of Random Data for Polarization Phase <1>') 
disp('  Use of File Data for Polarization Phase   <2>') 
disp(' ----------------------------------------------') 
qsel=READX(qsel); 
 
if qsel==1 
    disp(' --------------------') 
    disp('  Polarization Phase ') 
    disp(' --------------------') 
    disp('  Zero           <1> ') 
    disp('  Random         <2> ') 
    vhran=READX(vhran); 
end 
 
% ------------------------------------------- 
%       Cluster Parameter 
% ------------------------------------------- 
clc 
disp(' ') 
% # of Radio Environment 
disp(' ---------------------------------') 
disp('   # of Radio Environment to Move ') 
disp(' ---------------------------------') 
ien=READX(ien); 
% Scatterers Distribution in Azimuth 
disp(' ------------------------------------') 
disp('  Scatterers Distribution in Azimuth ') 
disp(' ------------------------------------') 
disp('  Clarke  Model                  <1> ') 
disp('  Cluster Model                  <2> ') 
azdis=READX(azdis); 
 
 223 
 
clc 
disp(' ') 
disp(' ---------------------------------') 
disp('   pl for Channel Response in dB  ') 
disp(' ---------------------------------') 
pl5=READX(pl5); 
 
disp(' ---------------------------------') 
disp('   ph for Channel Response in dB  ') 
disp(' ---------------------------------') 
ph5=READX(ph5); 
 
% ------------------------------------------------------------------------- 
%                Start or Escape 
% ------------------------------------------------------------------------- 
esc=0; 
clc 
disp(' ') 
disp(' --------------------------') 
disp('    If Start, Hit Return   ') 
disp('      (999 for Escape)     ') 
disp(' --------------------------') 
esc=READX(esc); 
if esc==999 
    return 
end 
 
tic; 
% --------------------------------- 
%    Spectrum Analyzer 
% --------------------------------- 
% Board index myadrs(0) & Primary adress spadrs(18) 
gsp=gpib('ni',myadrs,spadrs); 
% Connect to the instrument 
fopen(gsp) 
% Assert the EOI line 
set(gsp,'EOSMode','read&write') 
set(gsp,'EOSCharCode','LF') 
 
if md==21 
    fprintf(gsp,'MN');               
elseif md==12 
    fprintf(gsp,'MN');               
end 
 
% --------------------------------------------------------------- 
%             Set up the DA converter 
% --------------------------------------------------------------- 
ao0=0; 
ao1=0; 
ao2=0; 
ao3=0; 
ao4=0; 
ao5=0; 
ao6=0; 
ao7=0; 
ao8=0; 
ao9=0; 
ao10=0; 
ao11=0; 
ao12=0; 
ao13=0; 
daqhwinfo('contec') 
 224 
 
ao=analogoutput('contec','AIO001'); 
addchannel(ao,0) 
addchannel(ao,1) 
addchannel(ao,2) 
addchannel(ao,3) 
addchannel(ao,4) 
addchannel(ao,5) 
addchannel(ao,6) 
addchannel(ao,7) 
addchannel(ao,8) 
addchannel(ao,9) 
addchannel(ao,10) 
addchannel(ao,11) 
addchannel(ao,12) 
addchannel(ao,13) 
pause(1); 
 
for in=1:1:14 
    v(in)=0; 
end 
 
z=0:zend/(M-1):zend;  % mobile locations from 0 to zend in wavelength 
% ------------------------------------------------------------------------- 
%              Measurement Start 
% ------------------------------------------------------------------------- 
for ie=1:ien   
    c1=round(ofs:360/N:360-360/N+ofs);    
    for i=1:N    
        if c1(i)<0 
            c1(i)=c1(i)+360; 
        end 
        if c1(i)>360 
            c1(i)=c1(i)-360; 
        end 
    end 
     
     if md==21   %downlink 
        if psel==1   %（Random Data） 
            if iniph==1                    % zero initial phase distribution 
                dkp1=ones(1,N);              
                A1s=dkp1; 
            elseif iniph==2                % random initial phase distribution 
                dkp1=rand(1,N);              
                A1s=exp(j*2*pi*dkp1); 
            end 
        elseif psel==2   % （File Data） 
            A1s=exp(j*2*pi*dkp1);           
        end 
         
    end 
     
    if qsel==1    
        if vhran==1                    % zero phase 
            kq1=ones(1,N); 
            phrr1=kq1; 
        else                           % random phase 
            kq1=rand(1,N); 
            phrr1=exp(j*2*pi*kq1); 
        end 
    elseif qsel==2           phrr1=exp(j*2*pi*kq1); 
    end 
     
    if azdis==1        % uniform source distribution in azimuth (Clarke model) 
 225 
 
        A1=A1s;         
         
    end 
     
    hbar=waitbar(0,'Now Mobile is Moving to...'); 
    for ir=1:M     
        waitbar(((ie-1)*M+ir)/(M*ien));     
                 
        for i=1:1:N; 
            r=A1*exp(j*(2*pi*z(ir)*cos((c1(i)-zend)*pi/180)));         % amplitude of i-th antenna 
            pha=angle(r)+pi;                                           % phase of i-th phaser 
             
            v(i)=0.0659*(pha(i).^3)-0.8360*(pha(i).^2)+4.4370*pha(i)-2.2930;  
            if v(i)<0 
                v(i)=0; 
            elseif v(i)>10 
                v(i)=10; 
            end 
             
        end 
         
        % --------------------------------------------------------------- 
        %             control the output voltage of DA converter 
        % --------------------------------------------------------------- 
        ao0=v(1); 
        ao1=v(2); 
        ao2=v(3); 
        ao3=v(4); 
        ao4=v(5); 
        ao5=v(6); 
        ao6=v(7); 
        ao7=v(8); 
        ao8=v(9); 
        ao9=v(10); 
        ao10=v(11); 
        ao11=v(12); 
        ao12=v(13); 
        ao13=v(14); 
         
        putdata(ao,[ao0,ao1,ao2,ao3,ao4,ao5,ao6,ao7,ao8,ao9,ao10,ao11,ao12,ao13]); 
        start(ao); 
        pause(0.04); 
         
        % --------------------------------------------------------------- 
        %             Reading Data from SA 
        % --------------------------------------------------------------- 
        fprintf(gsp,'ML?');          
        pause(0.001); 
        out=fscanf(gsp); 
        pwr1(ir)=eval(out);          
        R=rem(ir,18)                 
        if R==0                      
            clc 
            disp(' Change Arm Angle') 
             
            pause; 
        else 
        end 
            end  % for ir=1:M 
        close(hbar);            
end  % for ie=1:ien 
%DA converter stop 
ao0=0; 
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ao1=0; 
ao2=0; 
ao3=0; 
ao4=0; 
ao5=0; 
ao6=0; 
ao7=0; 
ao8=0; 
ao9=0; 
ao10=0; 
ao11=0; 
ao12=0; 
ao13=0; 
putdata(ao,[ao0,ao1,ao2,ao3,ao4,ao5,ao6,ao7,ao8,ao9,ao10,ao11,ao12,ao13]); 
start(ao); 
fclose(gsp); 
clear gsp 
% ------------------------------------------------------------------------- 
%     Measurement Stop 
% ------------------------------------------------------------------------- 
 
for ie=1:ien   
    for ir=1:M     
        x((ie-1)*M+ir)=(ie-1)*M+ir; 
    end 
end 
 
% ------------------------------------------------------------------------- 
%     Instantaneous Response 
% ------------------------------------------------------------------------- 
scrsz = get(0,'ScreenSize'); 
h1=figure('Position',[10 scrsz(4)/2.4 scrsz(3)/2.05 scrsz(4)/2.05]); 
 
% H((ie-1)*M+ir,i1,j1) 
% h11med=10*log10(median(abs(pwr1)));                      
% plot(x,10*log10(abs(pwr1))-h11med,'k','LineWidth',2);   % h11 
h11med=10*log10(median(10.^(pwr1/10)));                      
plot(x,pwr1,'k','LineWidth',2);   % h11 
 
title('Instantaneous Response','FontSize',16,'FontName','Times New Roman','Color','k') 
xlabel('Traveling Distance [Wavelength]','FontSize',14,'FontName','Times New Roman','Color','k') 
ylabel('Received Power [dB]','FontSize',14,'FontName','Times New Roman','Color','k') 
% h=legend('h11','Location','SouthEast'); 
% set(h, 'FontSize', 12) 
grid off 
xt=[0; ien*M/10; ien*M/10*2; ien*M/10*3; ien*M/10*4; ien*M/10*5; ien*M/10*6; ien*M/10*7;... 
    ien*M/10*8; ien*M/10*9; ien*M/10*10]; 
set(gca, 'Xtick', xt) 
xtl=[0; zend/10; zend/10*2; zend/10*3; zend/10*4; zend/10*5; zend/10*6; zend/10*7;... 
    zend/10*8; zend/10*9; zend/10*10]; 
set(gca, 'XtickLabel', xtl) 
set(gca, 'FontSize', 12,'FontName','Times New Roman') 
 
ymin=pl5; 
ymax=ph5; 
xpos=0.05*M*ien; 
ypos=ymin+0.26*(ymax-ymin); 
fsize=12; 
A=sprintf('%6.2f',h11med); 
hm=num2str(A); 
tx=strcat('Po =',hm,'dBm'); 
text(xpos,ypos,tx,'FontSize',fsize,'FontName','Times New Roman'); 
axis([0 ien*M -100 -40]); 
 227 
 
 
% ------------------------------- 
%       CDF 
% ------------------------------- 
scrsz = get(0,'ScreenSize'); 
h2=figure('Position',[scrsz(3)/2 scrsz(4)/2.4 scrsz(3)/2.05 scrsz(4)/2.05]); 
 
xmin=-30; 
xmax=10; 
ymin=0.1; 
ymax=100; 
 
div=100; 
for i=1:div+1 
    xt(i)=xmin+(xmax-xmin)/div*(i-1);        % x-axis value referenced to tyuou-ti 
    xr=10^(xt(i)/20);                        % natural value for x 
    yt(i)=((1-exp(-log(2)*(xr^2))))*100;     % Rayleigh characteristics 
end 
 
semilogy(xt,yt,'--g','LineWidth',2)           % drawing Rayleigh characteristics 
 
% H((ie-1)*M+ir,i1,j1) 
yy=[1:M*ien]/(M*ien)*100; 
% xx1=sort(10*log10(abs(pwr1)));   % h11 
xx1=sort(pwr1);   % h11 
xxm1=xx1(round(M*ien/2));             
xx1=xx1-xxm1;                         
hold on 
semilogy(xx1,yy,'k','LineWidth',2)   % h11 
axis([xmin xmax ymin ymax]); 
set(gca, 'FontSize', 12,'FontName','Times New Roman') 
title('CDF of Channel Response','FontSize',16,'FontName','Times New Roman','Color','k') 
xlabel('Normalized Received Power [dB]','FontSize',14,'FontName','Times New Roman','Color','k') 
ylabel('Cumulative Percentage [%]','FontSize',14,'FontName','Times New Roman','Color','k') 
% h=legend('Rayleigh','h11','Location','SouthEast'); 
% set(h, 'FontSize', 12) 
grid off 
toc 
pause 
 
 
 
Sub-Program: MEASURE_SG_CONTINUOUS.m 
% ******************************************************************** 
%          Measurement program of Fading Emulator 
%                 Signal Generator MG3710A Anritsu 
%                     made in 2016/08/02 
%                            K.Li 
% ******************************************************************** 
function 
[md,xpre,M1,M2,zend,mdire,N,ofs,psel,iniph,qsel,vhran,ien,dkp1,ukp1,azdis,ksel,y1,y2,K,cx,sx,gx,px,... 
    pl5,ph5,eig,fnamep,kq1,fnameq,myadrs2,sgadrs,ber,freqset,mfreq]=... 
    
MEASURE_SG_CONTINUOUS(md,xpre,M1,M2,zend,mdire,N,ofs,psel,iniph,qsel,vhran,ien,azdis,ksel,y1,y2,K,cx,sx,g
x,px,... 
    pl5,ph5,eig,dkp1,ukp1,fnamep,kq1,fnameq,myadrs2,sgadrs,ber,freqset,mfreq); 
 
myadrs2=1;                      % computer 
sgadrs=3;                       % signal generator (MG3710A) 
clc 
disp(' ') 
M=216; 
zend=4.32; 
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level=-63.2; 
 
% Measured Direction 
disp(' ------------------------') 
disp('    Bilateral MIMO OTA   ') 
disp('    Measured Direction   ') 
disp(' ------------------------') 
disp('   downlink         <21> ') 
disp('   uplink           <12> ') 
disp(' ------------------------') 
md=READX(md); 
 
% Measured Frequency 
disp(' --------------------------') 
disp('     Measured Frequency    ') 
disp(' --------------------------') 
disp('   926MHz              <1> ') 
disp('   950MHz              <2> ') 
disp('   2000MHz             <3> ') 
disp(' --------------------------') 
mfreq=READX(mfreq); 
 
if mfreq==1 
    if freqset~=0.926 
        disp(' -----------------------------------------') 
        disp('  Caution !!!   Setup of VNA is different ') 
        disp(' -----------------------------------------') 
        pause(3) 
        return 
    end 
    end 
 
clc 
disp(' ') 
% XPR 
disp(' ---------------') 
disp('    XPR in dB   ') 
disp(' ---------------') 
xpre=READX(xpre); 
xpr=10^(xpre/10); 
 
% Number of Samples during Movement 
disp(' -----------------------------------') 
disp('  Number of Samples during Movement ') 
disp(' -----------------------------------') 
M=READX(M); 
 
 
% Mobile Moving Distance in Wavelength 
disp(' --------------------------------------') 
disp('  Mobile Moving Distance in Wavelength ') 
disp(' --------------------------------------') 
zend=READX(zend); 
 
% Tx power start 
disp(' --------------------------------------') 
disp(' --------------------------------------') 
disp('        Tx power start                 ') 
disp(' --------------------------------------') 
level=READX(level); 
 
% Mobile Moving Directions 
disp(' ------------------------------------') 
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disp('  Mobile Moving Directions in degree ') 
disp(' ------------------------------------') 
mdire=READX(mdire); 
mdir=mdire*pi/180; 
 
clc 
disp(' ') 
% Number of Scatterers in Azimuth 
disp(' ---------------------------------') 
disp('  Number of Scatterers in Azimuth ') 
disp(' ---------------------------------') 
N=READX(N); 
 
% Offset Angle of Scatterers in degree 
disp(' --------------------------------------') 
disp('  Offset Angle of Scatterers in degree ') 
disp('     (plus sign for the CCW rotation)  ') 
disp(' --------------------------------------') 
ofs=READX(ofs); 
 
 
 
% ------------------------------------------- 
%       Initial Phase 
% ------------------------------------------- 
clc 
disp(' ') 
disp(' -------------------------------------------------------') 
disp('  Use of Random Data for Initial Phase of Scatterers <1>') 
disp('  Use of File Data for Initial Phase of Scatterers   <2>') 
disp(' -------------------------------------------------------') 
psel=READX(psel); 
 
if psel==1 
    % Initial Phase of Scatterers 
    disp(' -----------------------------') 
    disp('  Initial Phase of Scatterers ') 
    disp(' -----------------------------') 
    disp('  Zero                    <1> ') 
    disp('  Random                  <2> ') 
    iniph=READX(iniph); 
end 
 
disp(' ----------------------------------------------') 
disp('  Use of Random Data for Polarization Phase <1>') 
disp('  Use of File Data for Polarization Phase   <2>') 
disp(' ----------------------------------------------') 
qsel=READX(qsel); 
 
if qsel==1 
    disp(' --------------------') 
    disp('  Polarization Phase ') 
    disp(' --------------------') 
    disp('  Zero           <1> ') 
    disp('  Random         <2> ') 
    vhran=READX(vhran); 
end 
 
%------------------------------------------------------------------------- 
%                Start or Escape 
% ------------------------------------------------------------------------- 
esc=0; 
clc 
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disp(' ') 
disp(' --------------------------') 
disp('    If Start, Hit Return   ') 
disp('      (999 for Escape)     ') 
disp(' --------------------------') 
esc=READX(esc); 
if esc==999 
    return 
end 
tic; 
 
% ------------------------- 
%    SG(MG3710A)  
% ------------------------- 
gsg=gpib('ni',myadrs2,sgadrs);   % Board index myadrs(0) & Primary adress spadrs(8) 
fopen(gsg)                      % Connect to the instrument 
set(gsg,'EOSMode','read&write') % Assert the EOI line 
set(gsg,'EOSCharCode','CR') 
fprintf(gsg,'SOUR:POW %g',level)      
 
for M1=1:1:1;  
    % --------------------------------------------------------------- 
    %             Set up the DA converter 
    % --------------------------------------------------------------- 
    ao0=0; 
    ao1=0; 
    ao2=0; 
    ao3=0; 
    ao4=0; 
    ao5=0; 
    ao6=0; 
    ao7=0; 
    ao8=0; 
    ao9=0; 
    ao10=0; 
    ao11=0; 
    ao12=0; 
    ao13=0; 
     
     
    daqhwinfo('contec') 
    ao=analogoutput('contec','AIO001'); 
    addchannel(ao,0) 
    addchannel(ao,1) 
    addchannel(ao,2) 
    addchannel(ao,3) 
    addchannel(ao,4) 
    addchannel(ao,5) 
    addchannel(ao,6) 
    addchannel(ao,7) 
    addchannel(ao,8) 
    addchannel(ao,9) 
    addchannel(ao,10) 
    addchannel(ao,11) 
    addchannel(ao,12) 
    addchannel(ao,13) 
     
    pause(1); 
    for in=1:1:14 
        v(in)=0; 
    end 
 
    z=0:zend/(M-1):zend;  % mobile locations from 0 to zend in wavelength 
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    % ------------------------------------------------------------------------- 
    %              Measurement Start 
    % ------------------------------------------------------------------------- 
    for ie=1:ien  
        c1=round(ofs:360/N:360-360/N+ofs);    
        for i=1:N    
            if c1(i)<0 
                c1(i)=c1(i)+360; 
            end 
            if c1(i)>360 
                c1(i)=c1(i)-360; 
            end 
        end 
        
        if md==21   %downlink 
            if psel==1   %（Random Data） 
                if iniph==1                    % zero initial phase distribution 
                    dkp1=ones(1,N);              
                    A1s=dkp1; 
                elseif iniph==2                % random initial phase distribution 
                    dkp1=rand(1,N);              
                    A1s=exp(j*2*pi*dkp1); 
                end 
            elseif psel==2   %（File Data） 
                A1s=exp(j*2*pi*dkp1);            
            end 
             
        end 
         
        if qsel==1   %（Random Data） 
            if vhran==1                    % zero phase 
                kq1=ones(1,N); 
                phrr1=kq1; 
            else                           % random phase 
                kq1=rand(1,N); 
                phrr1=exp(j*2*pi*kq1); 
            end 
        elseif qsel==2   %（File Data） 
            phrr1=exp(j*2*pi*kq1); 
        end 
         
         
        if azdis==1        % uniform source distribution in azimuth (Clarke model) 
            A1=A1s;         
        end 
        hbar=waitbar(0,'Now Mobile is Moving to...'); 
        fprintf(gsg,'BERT:LOG:CLEar')      
        fprintf(gsg,'BERT:TBIT 200000')      
        fprintf(gsg,'BERT:RSYNc:COUN:ACT KEEP') 
        for ir=1:M     
            waitbar(((ie-1)*M+ir)/(M*ien));     
            for i=1:1:N; 
                r=A1*exp(j*(2*pi*z(ir)*cos((c1(i)-zend)*pi/180)));             % amplitude of i-th 
antenna 
                pha=angle(r)+pi;                                          % phase of i-th phaser 
                v(i)=0.0659*(pha(i).^3)-0.8360*(pha(i).^2)+4.4370*pha(i)-2.2930;  
                if v(i)<0 
                    v(i)=0; 
                elseif v(i)>10 
                    v(i)=10; 
                end 
            end 
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            % --------------------------------------------------------------- 
            %             control the output voltage of DA converter 
            % --------------------------------------------------------------- 
            ao0=v(1); 
            ao1=v(2); 
            ao2=v(3); 
            ao3=v(4); 
            ao4=v(5); 
            ao5=v(6); 
            ao6=v(7); 
            ao7=v(8); 
            ao8=v(9); 
            ao9=v(10); 
            ao10=v(11); 
            ao11=v(12); 
            ao12=v(13); 
            ao13=v(14); 
            putdata(ao,[ao0,ao1,ao2,ao3,ao4,ao5,ao6,ao7,ao8,ao9,ao10,ao11,ao12,ao13]); 
            start(ao); 
            pause(0.04); 
            % --------------------------------------------------------------- 
            %             Reading Data from SG 
            % --------------------------------------------------------------- 
            fprintf(gsg,'INIT:BERT');            
            pause(6) 
            fprintf(gsg,'FETC:BERT:ERR:RATE? EP') 
            out=fscanf(gsg); 
            fprintf(gsg,'ABOR:BERT');         
            ber(ir)=eval(out)         
            R=rem(ir,18)                 
            if R==0                      
                clc 
                disp('Change Arm Angle') 
                pause; 
            else 
            end 
        end  % for ir=1:M 
        close(hbar);            
    end  % for ie=1:ien 
    DUMP_1TX_1RX_BER_Continuous(ber,ien,M,zend,level); 
end                                       
%DA converter stop 
ao0=0; 
ao1=0; 
ao2=0; 
ao3=0; 
ao4=0; 
ao5=0; 
ao6=0; 
ao7=0; 
ao8=0; 
ao9=0; 
ao10=0; 
ao11=0; 
ao12=0; 
ao13=0; 
putdata(ao,[ao0,ao1,ao2,ao3,ao4,ao5,ao6,ao7,ao8,ao9,ao10,ao11,ao12,ao13]); 
start(ao); 
fclose(gsg); 
clear gsg 
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% ------------------------------------------------------------------------- 
%     Measurement Stop 
% ------------------------------------------------------------------------- 
for ie=1:ien   
    for ir=1:M     
        x((ie-1)*M+ir)=(ie-1)*M+ir; 
    end 
end 
pause(0.2) 
toc 
% ------------------------------------------------------------------------- 
%     Instantaneous Response 
% ------------------------------------------------------------------------- 
scrsz = get(0,'ScreenSize'); 
h1=figure('Position',[10 scrsz(4)/2.4 scrsz(3)/2.05 scrsz(4)/2.05]); 
ber1=0.01*(ber); 
tber=mean(ber); 
semilogy(x,ber1,'k','LineWidth',2.5);   % h11 
title('BER Characteristic','FontSize',16,'FontName','Times New Roman','Color','k') 
xlabel('Traveling Distance [Wavelength]','FontSize',14,'FontName','Times New Roman','Color','k') 
ylabel('Instantaneous Bit Error Rate','FontSize',14,'FontName','Times New Roman','Color','k') 
% h=legend('h11','Location','SouthEast'); 
% set(h, 'FontSize', 12) 
grid off 
xt=[0; ien*M/10; ien*M/10*2; ien*M/10*3; ien*M/10*4; ien*M/10*5; ien*M/10*6; ien*M/10*7;... 
    ien*M/10*8; ien*M/10*9; ien*M/10*10]; 
set(gca, 'Xtick', xt) 
xtl=[0; zend/10; zend/10*2; zend/10*3; zend/10*4; zend/10*5; zend/10*6; zend/10*7;... 
    zend/10*8; zend/10*9; zend/10*10]; 
set(gca, 'XtickLabel', xtl) 
set(gca, 'FontSize', 12,'FontName','Times New Roman') 
ymin=10^-4; 
ymax=1; 
xpos=0.05*M*ien; 
ypos=ymin+0.26*(ymax-ymin); 
fsize=12; 
A=sprintf('%6.1f',tber); 
hm=num2str(A); 
tx=strcat('BER_m =',hm,'%'); 
text(xpos,ypos,tx,'FontSize',fsize,'FontName','Times New Roman'); 
 
axis([0 ien*M 10^-6 1]); 
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Appendix C. Setup of BER Detection 
 
C.1. BER Measurement Devices 
Fig. C.1 shows the configuration of BER measurement devices. The 
transmitting and receiving side is connect using a coaxial cable, indicating a 
simple case of wired measurement. When the BER-OTA testing is carried, 
the Tx side will be connected to the surrounding scatterers while the Rx side 
will be connected to the DUT antenna, as the setup shown in Fig. 6.2. The 
setup of FSK module and signal generator is shown as below. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. C.1 Configuration of BER measurement without using fading emulator 
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C.2. Setup of FSK Wireless Module 
 Start Tera Term and select the serial port 
 Read the configuration file (UART 3) 
 Enter the password (AP0743563127SDBU) 
 When “DOK!” or “? 000” is displayed, shift to inspection mode 
 Enter the following characters without using back space 
TC11=01AA 
T121=02000A640147AE0291FF18BC0A000C0404100295E5720000000
00000000000FFFFFFFF0A3D0C3320764B00 
TD31=3404 
TD31=3510 
TD31=3304 
TD31=3602 
TD31=3795 
TD31=38E5 
 
C.3. Setup Procedure of Signal Generator 
 Copy the data file: Press the button as following procedure 
 Mode: Copy (F6): Drive: D 
 Focus Pattern (F6): Copy Pattern 
 Read the data file 
 Load: Update Info (F3): Focus Pattern (F2) 
 Load Pattern (F6): Confirm overwriting 
 Select: Focus Package (F2): Select 
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C.4. Setup Procedure for BER Measurement 
 Press the button as following procedure 
 Aux Pctn: BER 
 Count Mode: Data: Enter the number of measurement bits 
 Measure Mode (F4): Endless 
 Data Type: PN9 
 
C.5. BER Measurement 
 Press the button as following procedure 
 Level: Change the output power 
 Aux Pctn: BER: Start BER test 
 Stop BER test 
 Make a note of the BER numbers and return  
 
Note that C.5 is the situation of manual measurement of BER. When the 
BER-OTA testing using the combined devices of FSK module, signal 
generator and fading emulator is conducted, the measurement is 
automatically controlled by using the measurement program in [Apx. B]. 
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